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temperature between the two gaseous substances A and B, calculated to 
be present at equilibrium in amounts of 10 and 90 per cent, respectively, 
a reduction of 3.1 kcal. per mole in the energy content of A would changje 
the calculated equilibrium concentration of A from 10 per cent to over 
95 per cent. 

Present-day requirements for values of heats of formation place a heavy 
burden upon accuracy and precision in thermochemical measuromonta. 
Any given thermochemical investigation involves fundamentally, either 
directly or indirectly, the performance of two kinds of experiments. In 
one of these there is measured the amount of chemical reaction whose 
occurrence produces a specified change in the calorimeter, and in the other 
the quantity of electrical energy that produces the same change in the 
calorimeter (31). The chemical procedure and the calorimetric procedure 
are equally important in establishing the accuracy of the final thermo- 
chemical value. 

The need for hi^ accuracy is illustrated in the determination of the 
difference in the energy contents of the five isomers of hexano, which 
differences are of the order of 1 to 5 kcal. per mole. Since there is no 
simple chemical process susceptible of calorimetric measurement that 
involves the transformation of the various isomers, one into the other, one 
must select for measurement a series of five chemical reactions in which 
all the reactants and products are the same except the ^ven isomer of 
hexane. When calorimetric observations are made on these chemical 
reactions under conditions which are substantially identical, the differ^ 
ences in the observed thermochemical values will be the differences in the 
heat or energy contents of the corresponding isomers of hexane. There 
is at present only one type of chemical reaction that can be used in this 
manner to determine the differences in the energy contents of the various 
isomers of hexane, and that is the reaction of combustion of the hydro- 
carbon in oxygen. Now the heat of combustion of normal hexane is 
about 1000 kcal. per mole, and the heats of combustion of the other iHomero 
wiU differ from the value for normal hexane by only about 1 to 5 kcal. 
per mole. The determination of the difference m the mexfj contents of 
the various hexanes, therefore, depends significantly upon tlio chemical 
and calorimetric precision with wlidch the heat of combustion of a given 
mass of the hydrocarbon can be determined. If the heat of combustion 
of each hexane can be determined with an estimated uncertainty of 1 part 
in 1000, or ±1.0 kcal. per mole, then the difference in the values for any 
two of the hexanes will have an estimated uncertainty of ±1.4 kcal. per 
mole (34). This uncertainty is too large to determine satisfactorily 
quantities of the order of 1 to 5 kcal. per molA However, if the measure- 
ment of the heat of combustion can be made with an estimated uncor- 



HBATS OF FORMATION OF GASEOtfS HYDROCARBONS 3 

tainty of only 2 parts in 10,000, then the difference in the energy contents 
of any two of the isomers can be determined with an estimated uncertainty 
of only ±0.3 kcal. per mole. This is substantially the limit of the accu-. 
racy obtainable with present-day thermochemical apparatus and t&chnic' 
(31). 

There arc a number of oases whore the difference in the heats of forma- 
tion of two hydrocarbons can be determined from calorimetric measure- 
ments of a ample chemical reaction in which one of the hydrocarbons iS; 
a reactant, the other is a product, and any other reactants or products are' 
elemental substances. Examples of this procedure and type of reaction 
include the determination, by measurement of the heat of hydrogenation, ; 
of the difference in the heats of formation of (a) a monoolefin or diolefin' 
l^drocarbon and the corresponding paraffin, ({>) an aromatic or partially 
hydrogenated aromatic hydrocarbon and the corresponding naphthene 
(cycloparaffin) hydrocarbon, and (c) an acetylene hydrocarl^n and thei 
corresponding paraffin hydrocarbon. 

When the hydrogenated product is the same for two different unsaturated 
hydrocarbons, either olefinic or aromatic, the difference in the heats of : 
hydrogenation will give the difference in the heats of formation of the 
corresponding unsaturated hydrocarbons. In this way, one can determine 
the differences in the heats of formation of all those unsaturated hydro- 
carbons having the same number and skeletal arrangement of carbon 
atoms in the molecule, provided the reaction of hydrogenation is clear-cut 
and susceptible of calorimetric measurement. 

In the determination of heats of combustion, the estimated uncertainty, 
in calories per mole, is roughly proportional to the number of carbon 
atoms per molecule of the given substance, whereas, in heats of hydro- 
genation, the estimated uncertainty is (all other thinfi^ being equal) sub- 
stantially proportional to the number of moles of hydrogen added to 1 
mole of the unsaturated hydrocarbon. In actual values of enei^, and 
in percentages of the total amount of energy measured per mole of the 
substance investigated, estimated uncertainties have been reported as 
^ven in table 1 for determinations of heats of combustion and heats of 
hydrogenation. For the representative examples given, which, for the 
heats of combustion, are taken from the work of Eosrini and collaborators 
at the National Bureau of Standards and, for the heats of hydrogenation, 
from the work of Kistiakowsky and collaborators at Harvard University, 
the average estimated over-all uncertainty is ± 0.024 per cent for the com- 
bustion, experiments and ±0.20 per cent for the hydrogenation experi- 
ments. It is obvious that, notwithstanding the lower percentage un- 
certainty attainable in the combustion experiments, the hydrogenation 
experiments possess a decided advantage in the actual uncertainty in kilo- 
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calories per mole as one goes to the lai^er molectiles. The hydrogenation 
method is therefore to be preferred, wherever possible, in determining the 
difference in the heats of formation of a given unsaturated hydrocarbon 
and the corresponding saturated hydrocarbon, as l>buteno and n-butonc, 
in determining the difference in the energy contents of two unsatumtnd 
isomeric hydrocarbons yielding the same hydrocarbon on hydrogenation, 
as l-butene and 2-butene, and in determining the difference in tho boats 
of formation of any two unsaturated hydrocarbons yielding the same 
hydrocarbon on hydrogenation, as 1-butene and 1, ^butadiene. The 
difference in the eneVgy contents or heats of formation of two unsaturatod 
hydrocarbons that do not 3 deld the same paraffin hydrocarbon on hydro- 
genation can not be determined from hydrogenation experiments alone, 
and recourse must be had to combustion experiments alone or to a com- 


TABLE 1 


Estimated wteertaitUies for determinations of heats of combustion and heats of 

hydrogenation 


tasuBCAirca 

nSTXMAVBD Orxtb-ASJL tW* 
OBBVAXKVT VBOM COMBtTBnCOVt 
XXFBBlMaMTS 

as* 

kcoL. ptrmdh 

±0.07 

±0.11 

±0.15 

±0.12 

±0.14 

±0.20 

pereBntaff$ 

±0.02i 

±0.02s 

±O.Q3o 

±0.02i 

±0.02o 

± 0.024 

C,H, 

0& 

cja[, 

C 4 H, 

OJEi. 

CJffi. 

OtHm 



■imtmB ovn-AUi tw- 

oaBXAimrntow stmo- 

asHAVioM iKmiiauaH«i 


keals moli 

p4r0intaff4 

:kOM 

±0.18 

d=0«06 

±0.20 

sbO.06 

±0.20 

sb0,06 

±0.20 


bination of combmtion e:^eriments and hydrogenation experiments. B'or 
example, suppose it is derired to know the difference in the energy contents 
^ heats of formation) of 1-butene and “isobutene” (2-methyIproponu). 
This quantity can be evaluated in two different ways; (o) as tho differonco 
in ^e^ts of combustion of 1-butene and “isobutene”; or (6) as the sum 
of tte ^erence m the heats of hydrogenation of 1-butene and “isobutene” 
W 1 & the corresponding difference in the heats pf combustion of w-butane 
and isobutoe. Both methods should, of course, yield the same value 
within their respective limits of uncertainty. 


n. 'ONTTS OF laraiBGT 


_ ^ actu^ unit of energy in calorimetric investigations today is tho 
mWUonal joule, wMch is derived from the mean solar second md the 
mtemational eleetneal watt. The international electrical watt is based 
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upon standards of electromotive force and remstance maintained in terms 
of intemaHonal volts and international ohms at the various national 
standardizing laboratories. Conversion to the artificial calorie may be 
made by means of the definition 

1 calorie « 4.1833 international joules 

The International Committee on Weied^ts and Measures, through its 
Advisory Committee on Electricity, had planned that the various national 
standardizing laboratories in 1940 would begin to calibrate standard cells 
and resistances in terms of absolute instead of international units (1), 
but conditions abroad have made necessary a postponement of the plan. 
However, when international agreement is obtained on the best relation 
between the international and absolute electrical units, it is expected that 
tile national standardizing laboratories will calibrate standard cells and 
resistances in terms of absolute volts and absolute ohms. At that time, 
the actual unit of energy in calorimetric measurements will become the 
absolute watt (electrical), which will be as nearly equal to 10’ ergs per 
second as present-day measurements will permit. In order then to retain 
the same artificial calorie as is at present being used in thermochemical 
reports and writings, a new factor for conversion to the artificial calorie 
may be used. The definition of the artificial calorie will then become 

1 calorie « (4. 1833) (1 + o) absolute joules 

where (1 4- o) will be the then best value for the number of absolute 
watts in 1 international watt. At the present time, the best relation 
between the international watt and the absolute watt appears to be that 
derived from measurements of the absolute ohm and absolute ampere 
recently made at the National Bureau of Standards at Washin^n 
(5, 6, 7 , 42) and at the National Physical Laboratory at London (12, 40, 
41). These determinations are in excellent accord with one another and 
yi^ the relation 

1 international watt 1.00020 db 0.00005 absolute watts 

The results of preliminary measurements made of the relation between 
the international ampere and the absolute ampere at the Physikalisoh- 
Technisohe Beichsanstalt at Berlin (1) lead to a value several parts in 
10,000 greater than that given above. It is hoped that this difference 
will be resolved at an early date. 

m. BTAXmABO BBFSBSOrCB aiTAITBS 

Following the practice of Lewis and Randall (21), the standard reference 
temperature is taken as 25‘’C., and the stondai^ reference states for 
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individual substances are taken as follows: For a liquid or solid substance) 
the standard reference state is the actual pure liquid or solid at a pressure 
of 1 atm. at the given temperature; for a gaseous substance, the standard 
reference state is the gas in the hypothetical state of unit fugacity (1 atm.), 
where the heat content is the same as that of the real gas at zero pressure. 
In each case, the standard state is indicated by a superscript zero attadiod 
to the letter symbol indicating the thermodynamic property involved, 
here the heat content, 

Tn the case of a solid substance that exists in two crystalline forms, it is 
necessary to specify that form that is to serve as the standard reference 
state for the ^ven substance. In the case of carbon, some uncertainty 
formerly e xi s ted with regard to the possible forms of graphite, and, in one 
compilation (3), diamond was selected as the standard reference state 
for carbon. However, a recent investigation on the thermochemistry of 
carbon, carried on coSperatively by the National Bureau of Standards 
and the Coal Research Laboratory of the Carnegie Institute of Tech- 
nology, has shown that the existence of more than one form of graphite is 
extremely improbable, and there is now every reason to use graphite as 
the standard reference state for carbon (8, 14, 35). 

When values of die heats of formation at 26®C. are to be converted to 
the corresponding ones at 0®K., for use in connection with statistically 
calculated values of the free-energy function, (P — Hl)/T, the following 
vahies may be used for Hln.u — Hi, the heat content at 26®C. referred 
to 0®K., for graphite and hydrogen: C(c, graphite), 1053.8 db 12.6 int. J. 
per mole or 251.9 db 3.0 cal. per mole; H 2 (g), 8466.6 ± 2.0 int. j. per mole 
or 2023.9 ± 0.5 cal. per mole (33). 

rv. HEATS OP POB3IATIOK OP WATER AND CABBON DIOXIDE 

In calculating the heats of formation of hydrocarbons from carbon and 
hydrogen in them standard states, the values of the heats of combustion 
of the hydrocarbons are combined with values for the heats of formation 
of water and carbon dioxide from thmr elements in the standard Htates. 
In the case of the unsaturated hydrocarbons whoso heats of hydrogenation 
have been measured, the heat of formation of the unsaturated hydrocarbon 
may be osculated by combining the heat of hydrogenation with the heat 
of formation of the paraffin hydrocarbon, determined as just mentioned. 

In order that all such tabulations of heats of formation shall be self- 
conastent and the values comparable with one another, it is important 
that selected "standard" values for the heats of formation of water and 
carbon dioride be used throughout. While actually not necessary except 
for calculating heats of reaction in which solid carbon or gaseous hydrogen, 
or botii, are among the reactants or products, it is derirable that the 
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"standard” values used for the heats of formation of water and carbon 
dioxide be ones measured with an accuracy at least as great as iMt of any 
other thermochemical quantity of similar magnitude. Reliable values 
of heats of formation are now available for both water and carbon dioxide. 

For the heat of formation of water from gaseous hydrogen and oxygen 
at 26*C., the following value has been reported* (33) : 

Hs(g) + I Os(g) » H*0(liq); AHS,6 .w « -286,796 ± 40 int. j. per mole = 

—^,318.1 ± 9.6 cal. per mole 

For the heat of formation of carbon dioxide from solid carbon (graphite) 
and gaseous oxygen at 26°C., the following value has been reported (33, 35) : 

C(c, graphite) -H Oj(g) = COi(g); AH 3 } 8 .u “ —393,366 ± 

46 int. j. per mole « —94,029.8 ± 11.0 cal. per mole 

(The above values expressed in calorics are carried to more figures than 
are significant, so that one may recover the original value expressed in 
international joules on reconversion to that unit by means of the factor 
4.1833.) 


V. EXISTING DATA ON GASEOUS HYDBOCABBONS 

For the gaseous hydrocarbons, the existing thermochemical data that 
have been obtained with modem calorimetric apparatus and technic, 
and with due regard for the accuracy of the chemical as well as the calori- 
metric procedure, are, with the exception of data on one compound, all 
from the thermochemical laboratories at Harvard University and the 
National Bureau of Standards. The data from the latter laboratory 
are all on heats of combustion and those from the former are all on heats 
of hydrogenation. 

The present mview is limited to those hydrocarbons contaiiung eight 
or loss carbon atoms per molecule, and to those determinations made 
within the past fiftmi years. The previous review (32) includes references 
to all the earlier work on these compounds. References to data on hydro- 
carbons in the Uquid state are also included here, Ednce these may be 
converted to the gaseous stato by combination with the appropriate heats 
of vaporization. Unfortunately, however, no heats of vaporization of 
hydrocarbons above pentane have heretofore been measured at or near 
26°C., and values calculated for this temperature, either from calorimetric 
data at the normal boiling point or from existing data on the vapor pres- 
sure-temperature relations, introduce an additional uncertainty into the 
values so derived for the heats of formation in the gaseous stato. 

* Tho following symbols arc used to designate the physical state of a substance: 
0 crystal; liq liquid; g gas. 
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For paraffin hydrocarbons in the gaseous state, measuremants of the 
heat of combustion were made on the following: methane (26), ethane (27), 
propane (27), ^l-butane (27), isobutane (30), ji-pentane (27), 2-methyl- 
butane (19, 39), and tetramethylmethane (19). For paraffin hydro- 
carbons in the liquid state, measurements of the heat of combustion were 
on the following: n-hexane (13), n-heptane (13), and n-octano (13, 2). 

For olefin hydrocarbons in the gaseous state, measurements of the heat 
of combustion were made on ethylene (36) and propylene (36), and 
measurements of the heat of hydrogenation were made on the following: 
ethylene (15), propylene (16), 1-butene (16), trans-2-huim& (16), ci«-2- 
butene (16), ‘‘isobutene” (16), 1-heptene (17), 2-pentene (mixture of da 
and trans) (17), 2-methyl-l-butene (17), 2-methyl-2-buton0 (17), 3- 
methyl-l-butene (9), 2,3-dimethyl-l-butene (17), 2,3-dimethyl-2-buteno 

(17) , 3,3-dimethyl-l-butene (9), 4,4-dimethyl-l-pentene (9), 2,4,4- 
trimethyl-2-pentene (9), 2,4,4-trimethyI-l-pentene (9), allene (18), 

1.3- butadiene (18), 1,3-pentadiene (9), 1,4-pentadiene (18), 1,6-hexadiene 

(18) , and 2, 3-dimethyl-l ,3-butadiene (30). 

For unsaturated cyclic (including aromatic) hydrocarbons in the gaseous 
state, measurements of the heat of hydrogenation were made on the 
following: cydopentene (9), cydopentadiene (18), cyclohexene (17), 

1.3- cydohexadiene (18), cycloheptene (4), cycloheptaffiene (4), cyolo- 
heptatriene (4), (yclo6ctene (4), benzene (18), o-xylene (9), ethylbenzene 
(9), and vinylbenzaie (9). 

For acetylene hydrocarbons in the gaseous state, data on the heat of 
hydrogenation were reported for acetylene (4), methylacetylene (4), and 
dimethylacetylehe (4). 

For naphthene or oycloparaffin hydrocarbons in the gaseous state, 
modem data on the heat of combustion have so far been obtained only 
for cydopropane (20). For naphthene hydrocarbons in the liquid state, 
data on the heat of combustion have been reported for methyloyclopontano 
(22) and cydohexane (22). 

VI. TABULATaD VALUES OF HEATS OF FORMATION 

In table 2 are given values for the heats of formation, from solid CMThon 
feraphite) and gaseous hydrogen, of a number of paraffin, olefin, and 
acetylene hydrocarbons in the gaseous state at 26“C. These values were 
calculated by combining the “standard” values of the heats of formation 
of water and carbon dioxide with the appropriate data on the heats of 
combustion and hydrogenation of the hydrocarbons in the gaseous state. 
The values for the d^t paraffin hydrocarbons listed are dependent upon 
the date on heats of combustion. The values for ethylene and propylene 
are wd^ted means of values derived from the data on heats of combustion 
alone and from a combination of data on heats of hydrogenation the 
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values for the heats of fomiation of the corresponding paraffins. The 
values for all the other olefins and for the acetylenes are derived from a 

TABLE 2 


limit of formation of gateout hydromrbons from tolid carbon (graphite) and gaeeous 

hydrogen at SS^C. 


itTBftXAVroS 

rOBMUXiAAND 

STATS 

A//;S#e.io 



<nt. i. per m6U 

eal, per tnoU* 

Paraffins: 




Mothano 

CH.(g) 

-74,735 d= 310 

-17,866 ±74 

Ethane 

cai.(g) 

-84,485 ± 4S0 

-20,101 ±108 

Propane 

C,H,(g) 

-103,636 ±520 

-24,760 ± 124 

n-Butano 

C4H„(g) 

-124,306 ±640 
-131,146 ±650 

-29,716 ± 163 

Isobutane 

C4H„(g) 

-31,360^:132 

n-Pentano. 

C,HH(g) 

-145,325=4:890 

-34,789 ± 218 

2-Methylbutane 

C.H«(g) 

-153,405 =b 640 

-86,671 ± 163 

Tetranxethylmcthane 

0,HH(g) 

-164,866 ±060 

-30,410 ± 227 

Mono5lefins: 




Ethylene 

C,H.(g) 

52,626 ±280 

12,656 ± 67 

Propylene 

C.H.(g} 

20,782 ± 460 

4,966 ± 110 

l»>Butene 

C4H,(g) 

1,602 ± 760 

883 ± 180 

cie‘<«2*Buto]:ie 

C4H,(g) 

-6,806 ± 760 

-1,388 ± 180 

<rane-2-Butene 

C*H,(g) 

-0,781 ± 760 

-2,888 ± 180 

^Isobutene” (2-methyl- 


propene) 

C4H,(g) 

-18,407 ±600 

-8,206 ±165 

l^^Pentene 

C.Ht,(g} 

-10,427 ± 1260 

-4,644 ± 800 

ci8«>2*Peiitene 

C,H„(g) 

-26,704 ± 1260 

-6,406 ±800 

jfans-2«Pentene 

C.Hu(g) 

-30,766 ± 1260 

-7,862 ± 800 

2-Mothyl-l«butene 

C.H»(g) 

-36,240 ± 840 

-8,424 ± 200 

8«Methyl-l*butene I 

C,Hi,(g) 

-27,618 ± 760 
-41,812 ± 760 

-6,678 ± 180 

2*Methyl>2.butene 

C.H,«(g) 

-0,906 ± 180 

DiolefloBi 

i 



Allene 

C,H4(g) 

lKi,624±10e0 

46,046 ± 260 

l,S«*Butadi6no 

04 H,(g) 

112,384 ± 1000 i 

26,866 ±240 

1,8-Pentadiene 

0,H,(g) 

70,002 ±1260 

18,886 ± {K)0 

1,4-Pentadie&e 

0,H,(g) 

106,046 ± 1260 

26,666 ±800 

Acetylenes: 




Acetylene 

0,H.(g) 

226,862 ±080 

64,228 ±1^ 

Methylaoetylene 

CiH4(g) 

186,358 ± 1000 

44.8(»±240 

Dimethylaeetylne. 

C4H,(g) 

147,840 ± 1400 

86,221 ± 866 


* See the text for a disoussion of the unit of energy. 


combination; of the data on heats of hydrogenation with the values for the 
heats of formation of the corresponding paraffins. 
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vn. DISOtJSSION 

The hydrocarbons for which values of heats of formation arc given in 
table 2 include only those on which calorimetric measurements were made 
on the hydrocarbon in the gaseous state. Values for those hydrocarbons 
whose heats of combustion in the liquid state only have boon nioasun^d 
are withheld until reliable values for their heats of vaporization at 25“0. 
become available. 

The values listed in table 2 for the heats of formation of the gaseous 
paraffin hydrocarbons indicate, within the limits of imcertainty with 
which measurements can be made today, that (a) the energy increment 
per CHa group is not constant for the gaseous normal paraffins from 
methane to pentane, and (6) the energy content of isomers is not constant, 
being less for the branched-chain isomers than for the straight-chain ones, 
and, for the pentanes, least for the most highly branched isomer, tetra- 
methylmethane (neopentane). The fact that the differences between 
n-butane and isobutane (1.64 ± 0.20 kcal. per mole) and between n- 
pentane and 2-methylbutane (1.93 d= 0.26 kcal. per mole) are identical 
within their respective limits of mcertainty noight lead one to expect a 
similar decrease in the energy context of a paraffin hydrocarbon for each 
sin^e branch an 3 rwhere along its chain of carbon atoms. Likewise, one 
might expect that a double or neopentyl branching on one carbon atom 
anywhere in the molecule would produce a decrease in energy content 
substantially identical with that observed for the isomerization of n- 
pentane into tetramethylmethane (4.67 dt 0.31 kcal. per mole). It was 
with the thought of checking these expectations that a thermochomical 
invest%ation of the five hexanes was undertaken at the National Bureau 
of Standards (38). While this investigation has not yet been completed, 
the preliminary calculations indicate that, within the limits of uncertointy 
with which the measurements have been made, the assumptions relating 
to the constancy of the decrease in energy content for all single branehtw 
and for all double branches on the same carbon atom are not true. It 
appears that data on certain hydrocarbons above the hexanes will he 
necessary before estimates, having limits of uncertainty comparable to 
those attached to the experimental values, can be made for all the paraffin 
hydrocarbons in the gaseous state. 

The thermochemical data now being obtained at the National Bureau 
of Standards on the hexanes and several higher paraffin hydrocarbons (38) 
will make posable (a) the evaluation of the heats of formation of th»»n 
iKsxanes and hi^er h^carbons, (6) the evaluation of the heats of forma- 
tion of the corresponding olefins whose heats of hydrogenation have already 
been measured (4, 9, 17, 18), (c) an improvement in the accuracy of the 
extrapolation of the heats of formation of the gaseous normal paraffins 
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beyond pentane and hexane (see reference 28), (d) a similar improvement 
in the accuracy of the extrapolation of the hmiB of formation of the 
gaseous normal olefins (1-alkoncs) (see reference 37), (c) a reliable estima- 
tion of the heats of formation of all the remaining branched-chain paraffin 
hydrocarbons in the gaseous state that will not have been measured, 
and (f) a similar reliable estimation of the heats of formation of the re- 
maining gaseous olefin hydrocarbons that will not have been measured. 

In considering differences in the energy contents of isomeric hydro- 
carbons, and, in general, changes in the energy content corresponding to 
structural changes in hydrocarbons, it is desirable when possible to com- 
pare the appropriate values of the heats of formation for 0*’K. rather than 
for 25‘’C., in order to eliminate the translational, rotational, and ordinary 
vibrational energy. For this purpose, there are required values of 
HImm — HI, the Wt eontent at 25*0. referred to 0®K., for solid carbon 
(graphite), gaseous hydrogen, and the gaseous hydrocarbons. Values for 
carbon and hydrogen have already been given (see page 6). Values for a 
number of the gaseous hydrocarbons have already been calculated (24) 
and others arc being calculated (26). For the butanes and pentanes, the 
effect of the elimination of the rotational and ordinary vibrational energy 
is to reduce significantly the magnitude of the difference in the energy 
contents of two given isomers, as follows: 


X0OM»1U1A«OK 



ABfS 

(n-butano) «* (isobutano) ...... 

hcpl, ptr miH* 

-1.64 db 0.20 

teat. ]Mi> m«{( 

-0.87 d: 0.07 

teat, iwmeti 
-1.27 d: 0.21 

(««pontano) (2-mothyl- 




butano) 

-1.03 d: 0.26 

-0.61 d: 0.07 

-1.42 di 0.27 

(n-pentane) •• (tetramothyl- 




methano) 

-4.67 d: 0.81 

-0.63 db 0.07 

-4.04 d: 0.32 


In table 3 are given values for the relative energy contents, at 0*K, 
of the isomers of butane and those of pentane, referred respectively to 
n-butane and 7i-pcntano as zero. The^e values were derived from heats of 
combustion, with the corrections to 0*K. bdng made with the values of 
HiWM “ HI provided by Pitzer (26). At 0“K,, then, where the molecules 
possess no translational, no rotational, and no ordinary vibrational energy, 
isobutane is more stable than n-butane by 1.27 =b 0.21 kcal. per mole, 
likewise, 2-methylbutane is more stable than n-pentane by 1,42 ds 0.27 
kcal. per mole, and tetramethylmethane is more stable than n-pentane by 
4.04 ds 0.32 kcal. per mole. 

Table 4 ^ves timilor information for the butenes, with the values for 
aa>2-butene and 6’ana-2-butene bmng derived from heats of hydrogenation 
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aad that for ^‘isobutene” from a combination of heats of hydrogcnaiton 
with heats of combustion. The corrections to 0®K. wore made with 
values of i7s»s.ie — HI provided by Pitzer (26). At 0*K., cts-2-butcne is 
more stable than 1-butene by 1.84 =t: 0.12 kcal. per moio, fran«-2-but(me 


TABLK8 

Energies of isomwitaiion of the butanes and of the perUanes 



xix.Ami mttnmt 
coirr»MV AT 0 *k:. 


\ V \ V 

n c* 


n-Butano. 

U Kf 

\y V / \ 

D.OO 


Kj 

/ \ / \ 


Isobutane. 

/ V 
'-o/ V 

/ \ / s 

-1.27^:0.91 


V V 


n-Pentane , 

V V 
/ \ / \ / \ 

0.00 

2-Methylbutano. 

/ \^/ \^/ 

0 0 

V V 

-1.42 0.27 




Tetramethylmethane. 

/ V\ 

V V 
/ \ / \ 

-4.04 ±0.32 


by 2.79 ± 0.12 koal. per mole, and “isobutene” by 3.86 db 0.26 kcal. per 
mole. 

Table 6 gives similar information for four of the idx penlienes (the 
values for m-2-pentene and tm7i»-2-pentene not being included because 
they were not measured separately). These values were derived from a 
combination of heats of hydrogenation and heats of combustion. At 
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25®C., with regard to enei^ content, 3-methyH-butene is more stable 
than l-pentene by 1.93 =fc 0.30 kcal. per mole, 2-methyH-butone by 3.78 ± 
0.30 kcal. per mole, and 2-methyl-2-butene by 6.35 ± 0.30 kcal. per mole. 

The energy of isomerization of 1,4-pentadiene into 1,3-pentadicne, as 
derived from heats of hydrogenation (see table 2), is -6.68 d= 

0.26 kcal. per mole. With regard to energy content, the 1,3-pentadiene 
is tiius more stable by nearly 7 kcal. per mole. 


TABLE 4 

Energies of isomerization of the butenes 


COMPOVKD 


l-Butene. 


cta*>2"Butene. 


irans>*%B\xtene. 


“Isobutene** (2-methylpropene),.* 


^( 3 = 0 ^ '^ 0 '^ 

/ \ / \ 

0 c 

C>“0 

/ \ 


V 
/ \ 

/ 


0-0 


/ 

/ \ 


^ 0 ^ 

^0-0^ ^ 

" X 


AT 0*K* 
keait per mol* 


0.00 


-1.84 db 0.12 


'2.79 ab 0.12 


-8.86 db 0.86 


While sufficient data are not yet available to make reliable quantitative 
estimates of the specific effects, the differences in the energy contents of 
isomers and the lack of constancy of the energy incremfflit per CQt group 
may be ascribed to interactions between near neighbor atoms not directly 
bonded to one another. This interaction between non-bonded neighboring 
atoms was deduced from the data on the heats of combustion of paraffin 
hydrocarbons and normal alkyl primary alcohols (28, 29) and definitely 
confirmed by the data on heats of hydrogenation of olefin hydrocarbons, 
a complete discustion of which has recently appeared (4). Theoretical 
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evaluations of the magnitude of such interactions have not yet been 
successfully made (10, 11). 

Similar effects of interaction between non«bonded near-neighbor atoms 
have been found among the unsaturated cyclic hydrocarbons (4), al- 
thou^ additional data arc required before a complete intcri)retaHon can 
be made. This need for additional data Is also true for the hydrocarbons 

TABLE S 

Energiet of iaommzation of the penterm 


cowfoxnstp 


l-Peutene. 


3-Mcthyl-l-butene , 


2-Methyl-l-butene . 


2-Methyl-2*'butene . 




V V 
=0^ ^0-" ^ 


/ \ / \ 


\ 


N 

/ 


= o/ V 
s / \ 

/ 

V '' 

/ \ 


V ^0^ 

/ ^0-0^ ^ 

''o'' 

/ \ 


UltATtVK »]f Knot 
«0»T*IW* AT a5*C* 

Aool* p» mtlii 


0.00 


1.08 db 0.80 


~ 3.78 db 0 .») 


>5.88 ±0.80 


of the aromatic and naphthene series. The aromatic ring nuclei involve 
consideration also of the “resonance” energy (23), and the naphthene ring 
nuclei of the departure of the bond angles from the normal tetrahedral 
value. 

On the basis of the data which are now available, it appears that the 
following factors impart greater stability to hydrocarbon molecules: (o) 
resonance, (b) minimum departure of the bond angles from the tetrahedral 



HBAT8 OP PORMADlOM OP QASBOUB HtDIlOCAaBONS 


16 


value, (fi) maximum compactness of the carbon ^eleton, and (d) minimum 
of repulsion between non-bonded atoms. 
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The formulas necessary for making approximate calculations of the en- 
tropy, free energy, heat content, and heat capacity of gases from a knowledge 
of their masses, moments of inertia, 'vibration frequencies, and interned 
hindrance potentials (if any) are given in a form ready for numerical calcula- 
tion. Tables of vibrational contributions and energy levels for the internal 
libration problem are included. Higher-order effects are briefly discussed, 
as well as the question of securing the necessary data. Finally, an extensive 
bibliography of published calculations of the statistical type is appended, 
'with a table by means of which the calculations dealing with any given mole- 
cule can readily be located. 

The calculation of the thennodynamic properties of ample gases from 
a kno'u'ledgo of the structure and vibration frequencies of their molecules 
is now a well-established and important method of obtaining data useful 
in engineering as well as scientific problems. Several descriptions (101, 
42, 42a, 132a) of the principles and methods are available and a few reviews 
of applications have been published (101, 176, 176, 177, 178, 179). In this 
paper an effort will be made to describe advances in the theory made 
since the publication of the excellent review article by Kassel (101) and 
to tabulate the molecules which have boon treated. In addition, a brief 
Bununary of the practical formulas will be given and some discussion of 
the methods of obtaining the required data. The appendices contain 
some useful tables. 

1. SUllia(A.BT OF FBA.OTXCAL FOBMUIiAS 

As a practical proposidon it is possible to consider the contributions of 
the electronic, vibrational, rotational, and translational energies sepa- 
rately, smee they are very nearly ad^tive. Refinements are considered 
later. 

* Presented at the Symposium on Fundamental Ohemioat Thermodynamios of 
Hydrocarbons and their Derivatives, whioh was hdd at the Ninety-ninth Meetiztg 
of the American Chemioal Society, in Cincinnati, Ohio, April 10, 1940, under the 
auspioes of the Division of Petroleum Chemistry of the American Chemical Society. 
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A. TranMiond and rotatimd <mirSM 

The translational plus rotational contributions for non-linear rigitl 
molecules are given by: 

j 8“ » 2.2876(3 log M + 8 log T - 2 log <r + log ABC) - 7.659 (1) 

-S + 7.948 (2) 

7.948 T (3) 

Cp - 7.948 (4) 

Here F®, jS®, H®, and C;? are the translational and rotational contribu- 
tions to the free eneigy, the entropy, tho heat content (enthalpy), and 
tiiie heat capacity at constant pressure for 1 mole of a {lerfeot gas at 1 
atm. pressure. The unit of energy is tho calorie. El is tho energy per 
gram-mole of the perfect gas at the absolute zero. T is tho absolult! 
temperature, M the molecular weight, <t tho symmetry number (sot! 
below), and A, B, C are the principal moments of inertia in units such 
that mass is given in atomic weight units and distance in Angstrttm units. 
The values of R etc. are those in the In^matioml Crilical Tables} 

For linear (including diatomic molecules) tho formulas are; 

5® « 2.2875(3 log JIf -b 7 log r - 2 log <r + 2 log I) - 6.632 (6) 

(F* - JSj)/r » -S -b 6.954 (6) 

(fl® - FS) » 6.9542’ (7) 

Cl - 6.954 (8) 

Here I is the moment of inertia in atomic woight-Ang^trSm units. 

The symmetry number c is tlio number of indistinguishable positions 
into which the molecule can bo turned by simple rigid rotations. For 
example, for hydrogen chloride, nitrogen, acetylene, ethylomi, ammonia, 
and methane, v is 1, 2, 2, 4, 3, and 12, nvipectivtily. 

All the above are for the perfect gas at 1 atm. prtmirn. To tuirreot 
for gas imperfection, see appendix I. 

• In the above oquationa, 2.2878 - 1/2 Ri In 10, 7.048 « 4«„ 0.084 - (7/2)«„ 
—7.669 “ Si In (647r')b*B*/bW*10*‘) + 4®,, in which Si is tho gas constant in ealndos, 
Ssthe gas constant in cc-atm., In ■■ logt, and log » logtg. 

It is important to note that the I. 0. T. values of tho physical quantities arc not 
in accord with the best values more or less accepted to-day. Certain disoropancioH 
have so far prevented general agreement, however, on a "beet” set, so that the 
I. C. T. values are still used. 
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B. Electronic conirUmticm 
Lot 


-la 

<2 * Z) 

n 

(9) 

where is an electronic energy level of degeneracy k is Boltzmann’s 

constant, and tho sum is over all electronic levels or in practice over all. 
levels whose Boltzmann factors are not negligible. Then the electronic 
contributions are: 

5 « B In Q -f 

(10) 

(F/T) « -E In Q 

(11) 


(12) 

C » + iBT^^ 

(13) 


Here In is tho natural logarithm, and R is tho gas constant. Ordinarily 
only the lowest electronic level is of any importance and for that gn is 
usually unity, so that in such cases all the above become zero. 

C, ytbrofionol confrifruffons 

The formulas under "Electronic contributions” apply equally well to 
the vibrational contributions if the Wn are taken to be the vibrational 
levels. Usually it is necessary to assume that tho vibrations are harmonic, 
in which case each fundamental frequency of vibration contributes the 
amounts below. It should be remembered that a non-linear molecule has 
SiV — 6 frequencies, and a linear molecule 3iV — 6, whore IV is the number 
of atoms. 

S - -E In (1 ~ e-) 

(F/D « S In (1 - «■“) (16) 

I ^ v^B 

" 2(oosh w — 1) 


( 17 ) 
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where 


to 



hm 

kf 


(18) 


in which v is the frequency, w the wave number, c the velocity of light, and 
k Planck’s constant. Numerically: 


to « 1.4324^; tOM#.i - 0.0048062 « (19) 

Appendix II contains a complete table of tho vibrational contributions to 
C, F/T, etc., as a function of a/T. This table was obtained by interpo- 
lation from a smaller one computed by Dr. H. L. Johnston. I am deeply 
indebted to Dr. Johnston for permission to mako use of this. 

D. Nvdear spin and other effects 

Except for hydrogen and at impractically low temperatures for other 
molecules, the question of nuclear spin, ortho and para species, spin 
weights, and quantum effects in the rotational contributions (101) can 
be completely ignored in practical calculations. The entropy thus ob- 
tained is called the virtual entropy. The “absolute" entropy is greater 
by E In g„ where g, is the nuclear spin weight, but the virtual entropy is 
the quantity used in practice. The existence of isotopes can also bo 
ignored except when dealing with artificially enriched systems, par- 
ticularly of deuterium, or for calculations of very high accuracy. 

The centrifugal distortion (168) of the molecule, due to mtation, and tho 
coupling of rotational and vibrational angular momenta (170) are or- 
dinarily quite small corrections which can be applied if necessary. Tho 
change of moment of inmtia with vibrational state is another correction 
which usually cannot be made because the data ore insufficient. 

Probably tho most serious error in the above simplified formulas Is duo 
to the assumption of harmonic vibrational levels. Tho actual lovols an^ 
not equally spaced but converge os tho dissociation limit is approochod. 
For diatomic molecules sufficient information is usually available to enable 
this effect to be taken into account, and the same is true for a very small 
number of polyatomic molecules. Tho mathematical methods (101) are 
well developed, but the data required are seldom available for polyatomic 
molecules. The accuracy which can be attained in those cases thoroforo 
becomes less at hi^ temperatures. 

Another vibrational effect is the occurrence of resonance. Sometimes a 
pair of vibrational levds near to one another will interact in such a way as 
to be displaced from the positions predicted by tho rimple theory used 
above. This will cause a small change in tho vibrational contribution, 
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which oan be computed if the actual positions of the levels are known 
experimentally. An example is carbon dioxide. The phenomonon is 
well understood but requires empirical information at present in order to 
bo corrected for. 

For precise calculations all these effects should be, and arc, considered, 
but for most polyatomic molecules it is necessary to be content with the 
approximate results. 

E. Non-ngidmolecides 

If the molecule contains groups which can rotate or oscillate with large 
amplitudes about bonds in the molecule, as is the case in ethane, the prob- 
lem becomes more complicated. If the force resisting the torsional 
motion is very large (as in a double bond) it is sufficient to treat this 
motion as a vibration, and if the motion is unrestricted (“free internal” 
rotation) it may be treated as a classical rotation by methods developed 
by Eidinoff and Aston (40) and by Kassel (106, 107, 108). In general, 
however, the forces are intermediate.’ Pitzer (140) has published easily 
applicable tables for use in those cases, but they are basrod on a theory which 
neglects some important effects and they are therefore not always very 
close approximations although unquestionably useful. Crawford (25) 
has recently given a reasonably rigorous treatment for, a wide class of 
molecules: namely, those in which any number of symmetrical groups 
(such as methyl groups) are attached to a rigid framework. Examples 
are dimethyl ether, propylene, tetramethylmethane, methyl alcohol, etc. 
His equations may be summarized as follow^: 

The contributions of the oscillating groups are additive and replace 
a corresponding number of vibrational contributions. For each group the 


contributions are given by: 

S - EOn (? + CK/G)] (20) 

(F/T) - -J?(ln 0 + Fo) ( 21 ) 

WT) - R[iK/0) - Fo] ( 22 ) 

C - RKJ/G) - iK/(m (28) 

in which 

G - (,d‘*Gu + GV), -K - + Kr), J - (tf" + Jy) (24) 

and 

G'v - S fflip (- Fr); Gs •» £ exp (-OFr) (25) 

V 

Ky - £ Fr exp (- 7r); Ks » £ QFr exp (-QF,) (26) 

y B 

Jy«£F!!exp(-F,); J* - £jJ*Fj exp (-OF,) (27) 
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In addition: 

Yr - (f>i‘h‘/S2T*I>aBT)a, (28) 

fi - 1 - 2?[(Xi/d) + (Xl/S) + (XVOI W 

Here A, B, C arc the principal moments of inertia of the whole inoleeulc 
(including the attached groups), D is tlie moment of inertia about its 
axis of the symmetrical group under eonwderation, Xa., Xg, Xc are tins 
cosines of the angles between the group axis and the princiiwl axes, m is 
the number of minima of depth V (calories) in the restricting potential of 
the group, while the Or are the eigen-values of the equation IkjIow, R, D, 
A, B,C ity equation 28 are in c.a.s. units. 

^ + (o, -b 29cos2*)^ » 0 (30) 

da? 

with 

e - i^*m/hW)V (31) 

A table of Or as a function of 6 is given in appendix III, The sums over JSl 
and V have the following significance: The energy levels of the torsional 
motion are vibrational in character for low levels, rotational in character 
for higher levels. In carrying out the summations the levels are divided 
into these two classes, the lower or vibrational levels being denoted by V, 
the upper or rotational by B. The selection of the dividing lino is of 
course somewhat arbitrary but is indicated by a line in the tables of Or. 

The symmetry number to be used in oaleuiating the over-all rotational 
contributions is the symmotiy number for the rigid molecule, eig., v «■ 
1 for CHiOH (COH bent). The symmetry of the rotating group is most 
easily taken into aocoimt by summing over only part of the levels a,: 
namely, over On and bn with n even of Ince’s tables (85), provided that m 
is the symmetry number of the group. The table in apimndix III con- 
tains only these levels. 

If Q -» 1, these equations go over into those used by Pitzer, and his 
tables may then bo used. If Q is small it may be necessary to use the 
still hitcher approximations described by Crawford, which are more diffi- 
cult to apply than the approximations of equations 20 to 23. 

In all of these treatments it has been assumed that the restricting po- 
tential has the form 


i T (1 — cos ma) (32) 

where a is the angle of the rotating group, m is the number of minima in 
the restricting potential, and F is the depth of these minima. 
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n. mscussioN of data BBoirmiiD 


Tho most difficult part of the calculation of thermodynamic properties 
ia the collection and interpretation of the necessary data. The transla- 
tional part of the partition function offers no difficulty, because all that is 
required is the molecular weight. The rotational part requires a knowl- 
edge of the principal moments of inertia. Those have not been obtained 
directly from spectroscopic investigations except for diatomic molecules 
and a very few simple hydrides, such as water, hydrogen sulfide, ammonia, 
and methane. However, the structures of a fairly large number of mole- 
cules have now been investigated by the electron diffraction method (13), 
BO that their moments of inertia can be computed with sufficient accuracy 
for this purpose. In other cases the only information available is the 
structural information given by organic chemistry and the interatomic 
distances in tables of covalent radii (139). This is usually sufficiently 
reliable. 

Since it is only necessary to have the product ABC of the principal 
moments, it is useful to note that 





"^Xm 

ABC *« 


lyy 

-Xy, 


-I.. 

-Iv. 

x„ 


(33) 


in which 

J«, - Z »n<(ij/? + «?), 

i 


Xng 


2 etc. 


Here m is the mass of the atom and an, yi, zt are its coordinates in any 
convenient system of Cartesian coordinates whose origin coincides with 
the center of gravity of the molecule. 

If the molecule has an internal rotational or torsional degree of freedom, 
it is necessary to know something about the potential barrier restricting 
this rotation. At the present time there is no theoretical method of 
calculating this barrier and very little reliable empirical information upon 
which to base estimates. However, much work is being done in this Md 
at the Pennsylvania State College, the University of California, Princeton 
University, Harvard University, and elsewhere. Up till now it has always 
been necessary to assume that the barrier has a simple cotine form with a 
suitable number of minima. Such a function has only one parameter, 
the height of the barrier, provided the number of minima is obvious from 
the symmetry of the molecule. This parameter must be obtained from a 
comparison with experimental data at some one temperature, for example, 
the entropy from tl^d-law measurements or the heat capacity of the gas. 
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When it has been obtained, the properties at other temperatures can then 
be calculated. There is hope that spectroscopic sttjdics may give the 
barrier height in some cases, such as that of methyl alcohol. Table 1 
ipves some values of barrier heights, although not all these figures arc 
certain. 

The mbrational frequmcics 

The problem of determining the vibration frcciuencics is ordinarily 
the most difficult step and therefore merits a separate discussion, I’hn 
fundamental frequencies appear in the infrared spectrum and in the llamatt 
spectrum of the substance. Neither spectrum ordinarily gives all the 
frequencies and frequently both together do not. Furthermon^, thew? 
spectra usually include other lines that are not fundamentals. In ad- 
dition, the lines observed carry no tags to tell whether they arc fundtunen- 
tals and if so whether they are singly, doubly or triply degeneratts. (For 
example, the bending vibmtion of carbon dioxide is doubly degtmeratu, 


TABLE 1 

Heights of poimtial barriert 


At3«0TA»rCll 

IBBlOfiT Of 
vtjkitnmn 

•owrrAMOtt 

xMairr or 
XAftmix 

TCt.'hfl.Tifl 

calwim 

2750 

^3800 

Mothyl alcohol. 

ootori'M 

~8000(T) 

>-3000 

Propane 

Mothylaniino 

Propylene 

-2100 

^4200 

Disnothylacctylonc * . 

<«10 

~I(IOO 

Ncopout&Xld. . . 

Aoctono 




since it can occur in either of two planes at right angles, both motients 
having the same frequency.) 

In order to disentangle the observations a number of methods may be 
employed. In the Raman, the polarizarion should be measured. This 
sets apart the sj'mmetrical vibrations. In the infrantd, the contour of 
the rotational envelope is useful in sorting out the lines, but to obs(!rv(t it 
requires powerful equipment. If deuterium dorivatlvoa of the substance 
can he prepared and studied, the shifts caused by the heavier ruihb of 
deuterium often enable an interpretation to bo made. The intouHities of 
the lines are a property which ought to be of great service, but the theory 
is not very well developed. The temperature coefficient of intenrity 
serves to eliminate difference bands. Comparisons with related mole- 
cules are very useful. Finally, the mathematical analysis of tiie vibra- 
tions of the molecule by means of the theory of small vibrations is almost 
essential for a complete and certain analysis, especially when there are 
frequencies which are not found in either spectrum and must therefore 
he calculated. 
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The mathematical calculation of vibration frequencies divides into 
two parts. It is first necessary to have a set of force constants for the 
bonds of the molecule, and then the actual calculation must be carried 
through. The second step may bo laborious, but it is at least straight- 
forward and will tiierefore be discussed first. The elementaiy mathe- 
matical methods (37) for the study of small vibration are very old, since 
quantum mechanics is not required. These methods are good enou^ for 
very simple molecules, but become almost impossibly laborious for mole- 
cules with even five or six atoms. In recent years many elaborations 
have been developed to simplify the calculations. Among the most im- 
portant is the use of the i^snnmetry of the molecule (146) to break the 
problem up into independent parts. In addition, a technique has re- 
cently been developed which replaces much of the algebra by the use of 
tabulated quantities (171). Furthermore, work done for simpler mole- 
cules can be carried over intact for larger molecules of which the simpler 
form parts. The operations which remain difficult are the evaluation of 
latge determinants and the solution of high-order algebraic equations. 

The choice of force constants cannot bo treated so formally. It is often 
possible to use a smaller number of force constants tlian frequencies, treat 
them as adjustable parameters, and get a fairly good fit with the experi- 
mental data, a process which serves to check the assignment of the fre- 
quondes observed and perhaps to provide frequencies not observed. Often 
there are too many force constants for this and it is neceE^ary to bring 
in the frequencies of the deuterium derivatives in order to get suffident 
data to evaluate all the constants. The most promising attack, however, 
seems to be the possibility of carrying over force constants from one similar 
molecule to another. For example, the force constants for stretching 
and bending a C — bond in a methyl group seem to remain fairly con- 
stant from one molecule to another. This systematic study of force 
constants is proceeding steadily at the present time and should produce 
some quite useful generalisations in the near future. It is at least pos- 
dble that frequencies may eventually be calculated with suffident accuracy 
for rough thermodynamic properties with no appeal to experiment. That 
stage is not yet here, however. 

ni. CONCLUSION 

It is clear that the statistical method has progressed to a stage where 
simple rigid polyatomic molecules such as methane, ethylene, benzene, 
etc. can be treated with a practical degree of accuracy, provided that a 
careful study of the vibration frequencies has been made. Furthermore, 
simple molecules with one or two internal torsiohal degrees of freedom, 
such as ethane, propylene, dimethyl ether, etc., can also be dealt with, 
again assuming that a study of the vibrations has been carried out, and 
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in addition if at least one experimental measurement of heat capacity, 
entropy, or free energy is available for use in determining the barrier 
heij^t of the torsion. 

Ths chief difficulties in handling molecules of the types which can now 
be computed are the determination of the vibration frequencies and the 
barrier heights, if any, the latter difficulty being insoluble until the former 
is settled. Experience has shown that we do not yet know enough aljout 
vibrations to guess at vibration frequencies by analogy with other mole- 
cules. Such guesses arc likely to be too inaccurate to give a good barrier 
height, although, if only a very rough value of tho thermodynamic quan- 
tities is helpful, estimated frequencies may suffice. 

More complicated molecules, such as chain hydrocarbons, have not yet 
been solved by those methods, except very roughly, but there is hope that 
the classes of molecules which can be treated will continue to expand in 
the future as it has in the past. 

APPENDIX 1 

Correctiom for gas mp&fedion 

If H, Cp, 8, and F represent tho heat content (enthalpy), heat capacity 
at constant pressure, entropy, and free energy for tho real ps, and f/®, 
C®, etc. the corresponding quantities for the ideal gas at the same tcmp«?ra- 
ture, then the following relations hold: 

PmF^ + j\v-- {BT/p)] dp + BT In p 


in which 7 is the molar volume, B tho gas constant per mole, T tho abso- 
lute temperature, and p tho pressure in atmospheres. Tho (luantltum 
H® « JS® + BT, cl <=> Cv + R, jS®, and are given in tho first part of the 
paper. 


Evidently equation of state data, i.e., V, 



asfunctiozis 


of p, are required. In default of better information, Berthelot'a equation 
with constants obtained from critical data has often been used. 
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TABLE 2 


Hamonie oteHlator eontribtUiona 


(um 1 

C 

(//VSP) 

-(F«- 

iJ)/T 


1.9835 

1.8480 




1.8845 

3.8261 

0.12 


1.8210 

3.6671 

0.13 



3.5219 

0.14 


1.7943 

3.3884 

0.15 

1.9792 


3.2650 

o.ie 

1.9782 

1.7679 


0.17 

ilCyrM 

1.7647 


0.18 

1.9758 

1.7417 

2.9438 

0.19 

1.9746 

1.7287 


0.20 

1.9733 

1.7158 

2.7616 

0.21 


1.7030 

2.6783 

0.22 

1.9705 

1.6902 


0.23 

1.9690 

1.6776 

2.5244 

0.24 


1.0640 


0,25 


1.6523 

2.3856 

0.26 

1.9641 

1.6398 


0,27 


1.6274 

2.2594 

0.28 


1.6160 


0.29 

1.9586 

1.6027 

2.1439 

0.30 

1.9566 

1.5905 

2.0898 

0.31 

IKI 

1.5783 

2.0378 

.32 


1.5662 

1.9879 

0.83 

1.9504 

1.5542 

1.9399 

0.84 

1.9482 

1.5422 

1.8937 

0.35 

1.9458 

1.5308 

1.8492 

0.86 

1.9435 

1.5185 

1.8062 

0.87 

1.9411 


1.7648 

0.88 

1.9886 


1.7248 

0.89 

1.9361 

1.4834 

1.6861 


1.9335 

1.4718 

1.6487 

0.41 

mSm 

1.4603 

1.6126 

0.42 

nSM 

1.4488 

1.6774 

0.43 

1.9258 

1.4375 

1.5435 

0.44 

1.9224 

1.4261 

1.5105 

0.45 

1.9195 

1.4149 

1.4786 

0.46 

1.9166 

1.4087 

1.4476 

0.47 

1.9185 

1.3926 

1.4176 

0.48 


1.8815 

1.8884 

0.49 


1.3705 

mmmtm 


( 0 /T) 

a 

WT) 

-(F«- 

aj)/!’ 



1.3596 

1.3324 



1.3487 

1.3056 



1.3379 

1.2796 

0.53 

1.8942 

1.3272 

1.2642 

0.54 


1.3165 

1.2296 

0.55 

1.8872 

1,3069 

1.2054 

0.56 

1.8836 

1,2954 

1.1820 

0.67 

1.8801 

1.2849 

1.1592 

0.58 

1.8764 

1.2745 

1.1369 

0.60 

1.8728 

1,2642 

1.1151 

0.60 

1.8690 

1.2539 

1.0940 

0,61 

1.8652 

1.2437 

1.0734 

0.62 

1.8613 

1.2336 

1.0533 

0.63 

1.8678 

1.2234 

1.0336 

0.64 

1.8534 

1.2134 

1.0144 

0.65 


1.2034 

0.0956 

0.66 

1.8453 

1.1935 

0.9773 

0.67 

1.8411 

1,1837 

0.9595 

0.68 

1.8370 

1.1739 

0.9420 

0.69 

1.8328 

1.1642 

0.9249 


1.8286 

M 545 

0.9082 

0.71 

1.8241 

1.1449 

0.8919 

0.72 


1.1854 

0.8760 

0.73 

1.8163 

M 259 

0.8604 

0.74 


1.1166 

0.8451 

0.76 

1.8068 

M 071 

0.8802 

0.76 

1.8017 

1.0978 

0.8156 

0.77 

1.7971 

1.0886 

0.8018 

0.78 

1.7924 

1.0794 

0.7878 

0.79 

1.7877 

1,0704 

0,7736 

0.80 

1.7830 

1.0618 

0.7602 

0.81 

1.7782 

1.0 S 28 

0.7471 

0.82 

1.7733 

1.0484 

0.7348 

0.83 

1.7688 

1.0846 

0.7217 

0.84 

1.7636 

i.m 

0.7094 

0.85 

1.7586 

1.0169 

0.6973 

0.86 

1.7586 

1.0082 

0.6854 

0.87 

1.7485 

0.9966 

0.6788 

0.88 

1.7486 

0.9910 

0.6624 

0.89 

1.7384 

0.9826 

0.6513 
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TABLE 2r-Conlinued 


(«/ 3 P ) 



WBSfM 

ico/T) 

C 

( zrVT ) 

“( jw - 

JO/r 

0,90 

1.7332 

0.9740 

0.6403 


l.SOOl 


0.3354 

0.91 

1.7279 

0.9656 

0.6296 

IIB 

1.4937 

VBm 

0.3302 

0.92 

1.7227 

0.9573 

0.6191 

WS^ 

1.4874 

mmm 

0.3252 

0.93 

1.7174 

0.9490 

0.6088 

1.33 



0.3202 

0.94 

1.7121 

0.9407 

0.5987 

1.34 

1.4747 

0.6556 

0.3162 

0.95 

1.7067 

0.9326 

0.5887 

1.35 

1.4683 

0.6495 

0.3104 

0.96 

1.7013 

0.9244 

0.6790 

1.36 

1.4619 

0.6435 

0.3066 

0.97 

1.6958 

0.9164 

0.5695 

1.37 

1.4555 

0.6375 

0.3009 

0.98 

1.6905 

0.9084 " 

0.5601 

1.38 

1,4491 

0.6316 

0.2963 

0.99 

1.6849 

0.9004 

0.5509 

1.39 

1.4426 

0.6267 

0.2918 

1.00 

1.6794 

0.8925 

0,5419 

1.40 

1.4362 

0.6198 

0.2873 

1.01 

1.6738 

0.8847 

0.5331 

1.41 

1.4297 

0.6140 

0.2829 

1.02 

1.6682 

0.8769 

0.5244 

1.42 

1.4233 

0.6082 

0.2786 

1.03 

1.6626 

0.8692 

0.5159 

1.43 

1.4168 

0.6025 

0.2743 

1.04 

1.6569 

0.8615 

0.5076 

1.44 

1.4104 

0.5968 

0.2701 

1.05 

1.6512 

0.8539 

0.4994 

1.45 

1.4038 

0.6912 

0.2660 

1.06 

1.6454 

0.8463 

0.4913 

1.46 

1.3973 

0.6856 

0.2619 

1.07 

1.6397 

0.8388 

0.4834 

1.47 

1.3908 

0.6801 

0.2680 

1.08 

1.6339 

0.8314 

0.4756 

1.48 

1.3843 

0.6746 

0.2641 

1.09 

1.6281 

0.8240 

0.4680 

1.49 

1.3777 

0.5691 

0.2602 

1.10 

1.6223 

0.8166 

0.4605 

1.50 

1.3712 

0.6637 

0.2464 

1.11 

1.6164 

0.8093 

0.4532 

1.51 

1.3646 

0.6583 

0.2427 

1.12 

1.6105 

0.8021 

0.4459 

1.52 

1.3580 

0.5530 

0.2390 

1.13 

1.6045 

0.7949 

0.4389 

1.53 

1.3515 

0.6478 

0.2364 

1.14 

1.5986 

0.7878 

0.4319 

1.54 

1.3449 

0.5425 

0.2819 

1.15 

1.5926 

0.7807 

0.4250 

1.55 

1.3383 

0.6373 

0.2284 

1,16 

1.5866 

0.7736 

0.4183 

1.56 

1.3317 

0.5321 

0.2249 

1.17 

1.5805 

0.7667 

0.4117 

1.57 

1.3251 

0.5271 

0.2216 

1.18 

1.5745 

0.7697 

0.4052 

1.58 

1.3186 

0.6220 

0.2182 

1.19 

1.5684 

0.7628 

0.3988 

1.59 

1.3120 

0.5170 

0.2160 

1.20 

1.5623 

0.7460 

0.3925 

1.60 

1.3054 

0.6120 

0.2117 

1.21 

1.5562 

0.7392 

0.3863 

1.61 

1.2988 

0.6071 

0.2086 

1,22 

1.5500 

0.7325 

0.3803 

1,62 

1.2922 

0.5021 

0.2064 

1.23 

1.5438 

0.7268 

0,3743 

1.63 

1.2857 

0.4974 

0.2024 

1.24 

1.5376 

0.7192 

0.3685 

1.64 

1.2791 

0.4926 

0.1993 

1.25 

1.5314 

0.7126 

0.3627 

1.65 

1.2725 

0.4878 

0.1964 

1.26 

1.5251 

0.7060 

0.3571 

1.66 

1.2659 

0.4830 

0.1934 

1.27 

1.5189 

0.6996 

0.3515 

1.67 

1.2593 

0.4784 

0.1906 

1.28 

1.5126 

0 . 6^1 

0.3460 

1.68 

1.2528 

0,4737 

0.1877 

1.29 

1.5064 

0.6867 

0.3407 

1,69 

1.2462 

0.4691 

0.1849 







.2067 
.2001 
.1936 
.1872 
1.1806 

1.1740 

1.1676 

1,1609 

1.1644 

1.1479 

1.1414 

1.1349 

1.1284 

1.1219 

1,1165 

1.1090 

1.1026 

1.0961 

1,0897 

1,0833 

1.0768 

1,0706 

1.0642 

1.0678 

1.0514 

1.0461 

1.0325 

1,0199 

1.0074 

0.9950 

0.9826 

0.9703 

0.9580 

0.9459 

0.9338 


.4645 
.4600 
.4555 
.4510 
0.4466 

.4422 
.4379 
.4336 
.4293 
0.4250 

0.4208 

0.4166 

0.4125 

0.4084 

0.4044 

0.4003 

0.3963 

0.3924 

0.3885 

0.3846 

0.3807 

0.3769 

0.3731 

0.3694 

0.3656 

0.3620 

0.3583 

0.3547 

0.3611 

0.3475 

0.3440 

0.3371 

0.3303 

0.3236 

0.3170 

0.3105 

0.3042 

0.2979 

0.2918 

0.2858 


0.09489 

0.09215 

0.08949 


3.9217 

0.2799 

3.9097 

0.2741 

3.8977 

0.2684 

3.8859 

0.2629 

3.8742 

0.2575 

3.8625 

0.2521 

3.8509 

0.2469 

3.8394 

0.2417 

3.8280 

0.2367 

3.8167 

0.2317 

3.8055 

0.2268 

3.7944 

0.2220 

3.7834 

0.2173 

3.7724 

0.2127 

3.7615 

0.2082 

3.7608 

0.2038 

3.7401 

0.1996 

3.7295 

0.1963 

3.7190 

0.1911 

3.7086 

0.1870 

3.6983 

0.1830 

3.6881 

0.1791 

3.6780 

0.1752 

3.6680 

0.1714 

3.6581 

0.1677 


0.5469 0.1288 


0.08690 

0.08441 

0.08197 

0.07961 

0.07731 

0.07508 

0.07293 


0.06880 

0.06683 

0.06490 

0.06304 

0.06123 

0.05948 

0.05777 

0.05611 

0.05451 

0.05296 

0.05144 

0.04997 

0.04853 

0.04715 

0.04580 

0.04450 

0.04323 

0.04199 

0.04080 

0.03964 

0,03850 

0.03740 

0.03633 

0.03530 


0.03332 

0.03237 

0.03144 

0.03056 

0.02969 
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TABLE 2-— Concluded 


WT ) 

C 

( RO/D 

1^1 

3.00 

0.5131 

0.1178 

0.02722 

3.05 

0.4927 

0.1114 

0.02633 

3.10 

0.4730 

0.1053 

0.02356 

3.16 

0.4638 

0.0995 

0.02193 

3.20 

0.4353 

0.0940 

0.02041 

3.25 

0.4174 

0.0888 

0.01899 

3.30 

0.4001 

0.0839 

0.01767 

3.35 

0.3833 

0.0792 

0.01644 

3.40 

0.3672 

0.0748 

0.01530 

3.45 

0.3515 

0.0707 

0.01423 

3.50 

0.3365 

0.0667 

0.01326 

3.55 

0.3219 

0.0630 

0.01233 

3.60 

0.3079 

0.0594 

0.01148 

3.65 

0.2944 

0.0560 

0.01068 

3.70 

0.2814 

0.0528 

0.00994 

3.75 

0.2689 

0.0498 

0.00925 

3.80 

0.2669 

0.0470 

0.00861 

3.85 

0.2453 

0.0443 

0.00801 

3.90 

0.2342 

0.0418 

0.00746 

3.95 

0.2235 

0.0394 

0.00694 

4.00 

0.2133 

0.0371 

0.00646 

4.1 

0.1940 

0.0330 

0.00660 

4.2 

0.1763 

0.0292 

0.00485 

4.3 

0.1600 

0.0259 

0.00420 

4.4 

0.1451 

0.0230 

0,00364 

4.5 

0.1314 

0.0204 

0.00315 

4.6 

0.1190 

0.0180 

0,00273 

4.7 

0.1076 

0,0160 

0.00237 

4.8 

0.0972 

0.0141 

0,00205 

4.9 

0.0877 

0,0125 

0.00178 

5.0 


0.01104 

0.00154 

5,1 

0.0713 

0.00976 

0.001335 

5.2 


0.00862 

0.001157 

6.3 


0.00762 

0.001002 

5.4 

IHil 

0,00672 

0.000869 

6.5 

0.0468 

0.00593 

0.000763 

5.6 

0.0420 

0.00524 

0.000662 

5.7 

0.0377 

0.00462 

0.000565 

5.8 

0.0339 

0.00407 

0.000490 

5.9 


0.00359 

0.000425 

6.0 


0.00316 

0.000367 

6.1 

0.0243 

0.00279 

0.000318 

6.2 


0.00245 

0.000276 



IBi 

( Ho/d 

- ( P0 ~ 

aj/r 

6.3 

0.0196 

0.00216 

0.000239 

6.4 

0.0174 

0.00190 

0.000207 

6.5 

0.0156 

0.00167 

0.000180 

6.6 

0.0139 

0.00147 

0.000156 

6.7 

0.0124 

0.00130 

0.000135 

6.8 

0.0111 

0.00114 

0.000117 

6.9 

0.00990 

0.001002 

0.0001013 

7.0 

0.00883 

0.000880 

0.0000877 

7.1 

0.00787 

0.000774 

0.0000760 

7.2 

0.00701 

0.000680 

0.0000659 

7.3 

0.00625 

0.000597 

0.0000671 

7.4 

0.00556 

0.000625 

0.0000495 

7.5 

0.00495 

0.000461 

0,0000429 

7.6 

0.00441 

0.0004048 

0.0000371 

7.7 

0.00392 

0.0003553 

0.0000322 

7.8 

0.00346 

0.0003119 

0.0000279 

7.9 

0.00310 

0.0002738 

0.0000242 

8.0 

0.00276 

0.0002402 

0.0000210 

8.1 

• 0.00246 

0.0002108 

0.0000182 

8.2 

0.00217 

0.0001849 

0.0000167 

8.3 

0.00193 

0.0001622 

0.0000136 

8.4 

0.00171 

0.0001422 

0.0000118 

8.5 

0.00162 

0.0001247 

0.0000102 

8.6 

0.00135 

0.0001093 

0.0000089 

8.7 

0.00119 

0.0000968 

0.0000077 

8.8 

0.00106 

0.0000840 

0.0000067 

8.9 

0.000939 

0.0000736 

0.0000068 

9.0 

0.000832 

0.0000645 

0,0000060 

9.1 

0.000737 

0.0000565 

0,0000043 

9.2 

0.000653 

0.0000496 

0,0000037 

9.3 

0.000678 

0,0000434 

0,0000032 

9.4 

0.000612 

0.0000380 

0.0000028 

9.5 

0.000454 

0.0000332 

0.0000024 

9.6 

0.000401 

0.0000291 

0.0000021 

9.7 

0.000354 

0.0000265 

0.0000018 

9.8 

0.000314 

0,0000223 

0.0000016 

9.9 

0.000277 

0,0000196 

0.0000014 

10.0 

0.000245 

0,0000171 

0.0000012 
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APPENDIX H 

Harmomc osciUator cont-SmUons 

The contribution (in calories) of a fundamental vibration frequency 
(I) (wave numbers) to the heat capacity, heat content, and free energy are 

TABLE 3 


Vahiea of Or for various values of 6 and r 


6 ss 0 

1 


3 

4 

5 

6 


B5| 


- 2.8344 

- 4.2805 

- 5.8000 

- 7.3688 



3.6722 

3.2769 

2.7469 

2.0995 

1.3618 


4.3713 

6.1727 

6.0452 

6.8291 

7.4491 

7.8701 

16.000 


16.128 

16.273 

16.462 

16.648 

16.845 

16.000 


16.141 

16.339 

16.650 

17.097 

17.689 

36.000 



36.129 

36.229 

36.359 

36,517 

36.000 

IIBSI 

36.057 

36.129 

36.230 

36.361 

36.523 

0-7 

8 

9 

10 

12 

14 

16 

- 8.9737 

mWm 

- 12.262 

- 13.937 

- 17.332 

- 20.776 

- 24.259 

0.6176 

■Bl 

- 1.3588 

- 2.3822 

- 4.6636 

- 6.8907 

- 9.3341 

8.0866 

8.1162 

7.9828 


6.8787 

6.7363 

4.3712 

17.027 

17.183 



17.395 

17.207 

16.819 

18.417 

19.253 

20.161 


22.972 

24.651 

26.009 

36.704 

36.917 

37.167 

37.420 

38.006 

38.648 

39,315 

36.716 

36.94 

37.21 

37.51 

38.24 

39.16 1 

40.22 

0-18 

20 

24 

28 

32 

86 

40 

- 27.773 

- 31.313 

- 38.469 

- 46.673 

- 52.942 

- 60,266 

- 67.606 

- 11.873 

- 14.491 

- 19,923 

- 25.662 

- 31.366 


- 43.352 

2.8331 

1.1543 

- 2.6398 

- 6.6881 

- 10.914 

- 15.467 

- 20.208 

16.242 

15.494 

13.553 

11.121 

8.2947 

5.1457 

1.7300 

26.988 

27.696 

27.885 

27.283 

26.062 

24.379 

22.326 

39.972 

40.690 

41.606 

42.225 

42.394 

42,118 

41.433 

40.93 

42.1 







given in table 2 as a function of (w/T). The contribution to the entropy 
is given by 5 = (H/T) — (F/T). All constants are from the Ivier- 
nat/ional Critical Tdbles. This table was obtained by interpolation from 
unpublished calculations of Dr. H. L. Johnston, to whom I should like to 
express my gratitude. The last decimal place may be in error by several 
units, owing to the interpolation. 
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TABLE 4 

References for published calculations of thermodynamic quantities 

STOSTANCES I BUFERHITCBB SUBSTANCBS BEFBRENCSB 


Diatomic molecules 



Other inorganic substances 
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APPENDIX HI 

Energy levels for the torsmuA oscillator 

Values of Or for various values of 6 and r are given in table 3. Only 
levds of symmetry A are included. The first six levds are taken from 
Ince (85). Levels bi^er than those given may be computed approxi- 
mately by the asymptotic formula: 

Or = ^ - 1) 

A line indicates the proper place to change from V to 22 levds. 

APPENDIX rv 

TcMation of references of jniblished cdlcidaUons of fhermodyriamic 

quantities 

Table 4 contains reference numbers for essentially all calculations which 
have been published up to 1940. References up to 1936 were taken from 
Kassel’s review (101) or from that of Zeise (175 to 179). No attempt at a 
critical selection has been made, so that naturally many obsolete and 
incorrect results are included. The excdlent critical discussion of Kassel 
should be consulted for the older results. Many references contain only 
the entropy at one or two temperatures. 
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The statistical methods for calculating thermodynamic functions of hydro- 
carbons are discussed. In addition to the more common methods which are 
suitable for the simpler molecules, a procedure is described which is espe- 
cially suited to the complex hydrocarbons and our present incomplete knowl- 
% edge of their molecular constants. Agreement is obtained with all 
experimental data for the paraffins on the basis of reasonable rotation- 
restricting barriers. There appear to be inconsistencies in the data for 
propylene, which render somewhat uncertain the values for the higher 
olefins. 

Tables are presented which give the heat and free-energy functions for all 
the paraffins through the heptanes, together with some discussion of esti- 
mates for the higher members. The simpler unsaturated hydrocarbons are 
also included. A few equilibrium constants and heats of reaction are cal- 
culated as examples of the use of this data. 

I. INTRODXJCTION 

The first extensive survey of hydrocarbon thermodynamics was in- 
cluded in the monograph by Parks and Huffman (30), whose point of view 
was almost purely experimental. The point of view of statistical me- 
chanics, which has been so useful for simple molecules, was extended to 
hydrocarbons by Eidinoff and Aston (9) and by Kassel (20). Their 
methods were based on the assumption of completely free rotation abopt 
angle bonds, which led to unsatisfactory results. In 1937 the writer (32) 
extended their methods to allow for a sinusoidal potential barrier restrictmg 
internal rotation. It was then possible to obtain agreement with all 
experimental data.® Furthermore, the potential barriers so obtained 
varied in a reasonable fashion through any series of similar compounds. 

Recently the writer (33) has developed somewhat different statistical 

1 Presented at the Symposium on Fundamental Chemical Thermodynamics of 
Hydrocarbons and their Derivatives, which was held at the Ninety-ninth Meeting 
of the American Chemical Society, in Cincinnati, Ohio, April 10, 1940, under the 
auspices of the Division of Petroleum Chemistry of the American Chemical Society, 

‘ In addition to the paper already mentioned treating several hydrocarbons, the 
work of Smith and Vaughan (36), of Teller and Topley (39), and of Kemp and Pitzer 
(22) on ethane alone may be noted. 


39 



40 


KENNETH S. PITZBR 


methods, which are especially suited to long-chain molecviles. These 
have pennitted extension of the work through the heptanes and some 
octanes. These results are included below without change, except that a 
wider range of temperatures is considered. 

In the present paper the calculations for those saturated hydrocarbons 
which were included in the 1937 paper are completely revised. All of the 
old results agree within their assigned uncertainties with the values below; 
however, considerably greater accuracy can now be claimed at certain 
points. Although some comment will be made on the accuracy of the 
earlier work on the unsaturated compounds, no changes are made in the 
values; this arises from the lack of additional experimental evidence. An 
attempt has also been made to present the data in a form easily used by 
those not too familiar with thermodynamics. 

The treatment presented below may be described essentially as follows: 
A picture is set up for a given molecule involving atomic masses and the 
geometry of the equilibrium configuration, i.e., bond angles and distances. 
Also needed is a knowledge of the potential energy as a function of devia- 
tions from this equilibrium position. This is assumed to be given by an 
expression involving bond stretching and bending force constants, and 
potential barriers for internal rotation. In terms of this picture it is then 
possible to calculate the entropy, heat capacity, and related thermo- 
dynamic functions. However, certain details of the molecular pictures 
are not yet known independently, and must then be obtained from experi- 
mental entropies or heat capacities with the above calculation reversed. 
Thus for the present at least, the final result should be regarded as based 
on the experimental thermodynamic data employed. However, it is 
possible by these calculations to give reasonably certain values of thermo- 
dynamic quantities for temperatures other than those of the measure- 
ments, and even to extend the results to other molecules. In addition, 
valuable information is obtained concerning the forces operating within 
hydrocarbon molecules. 

n. MOLEOULAB STBUCTUBE DATA 

La this section the data taken from non-thermodynamic sources will be 
discussed. Atomic masses are too well known to require comment. The 
carbon-to-carbon sin^e-bond distance was taken as 1.541.. and the 
carbon-to-hydrogen distance as 1.091. All angles were assumed to be 
tetrahedral. The electron diffraction results of Pauling and Brockway 
(31) support these values. 

One of the fundamental assumptions of our treatment involves the 
separation of the vibration of the hydrogen atoms from the vibration of 
the carbon skdeton. This assumption has been made very commonly 
by various workers, and may be regarded for the present as necessary. 
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The justification is, of course, that the light hydrogen atoms move with 
much higher frequencies than the heavier carbon atoms, and therefore the 
former complete several cycles to the latter's one. Actually, certain 
hydrogen bending motions show about the same frequencies as carbon- 
to-carbon bond stretching motions. K the geometry is favorable, these 
motions can interact very considerably. Nevertheless, for our purpose, 
which is the calculation of thermod 3 mamic functions, an error in a given 
frequency is not serious, provided a compensating error is made in another. 
Thus the neglect of interactions which raise one frequency and lower an- 
other will be satisfactory here, even though it might be fatal in 
spectroscopy. 

For these calculations, frequencies characteristic of CH3, CH2, and CH 
groups have been selected on the basis of the spectroscopic data from 
simple molecules. For the methyl group the data on the methyl halides 
(37) and on ethane (17, 6) were considered; the stretching frequencies 
were taken as 3 at 3000 cm.“^, and the bending frequencies as 3 at 1400 
and 2 at 1000 cm.“^ For the CH2 group, the data on methylene chloride 
(5), formaldehyde (37), and ethylene (37) were considered; the selection 
was 2 at 3000, 2 at 1400, and 2 at 1000 cm.“^ For the CH group, chloro- 
form and bromoform (37) were considered, and the values 1 at 3000 and 
2 at 1200 cm.""^ chosen. 

In the calculations on the simpler molecules the observed skeletal 
vibration frequencies were used (26) . For the more complex hydrocarbons 
the force constants were employed. These were calculated from the 
simpler molecules, care being taken to assume consistently that the 
hydrogen and carbon vibrations do not interact. On this basis the value 
4.1 X 10® dynes per centimeter was obtained for the carbon bond stretching 
constant. The bending constant was taken as 3.6 X 10* dynes per 
centimeter at the end of one bond length. 

in. THERMODYNAMIC FUNCTIONS FOR THE SIMPLER HYDROCARBONS 

By using the same methods as in the earlier papers (32), but the con- 
stants just given, thermodynamic functions were calculated for the mole- 
cules derivable from methane by substituting only methyl groups. The 
carbon skeleton of any of these involves no internal rotations, such rota- 
tions moving only the hydrogens of a methyl group. The formulas used 
for the rigid molecule are as follows; 

(Hg - F^t)/T = 2?[3/21nM + 41nr-lnP + 

iln (W* X 10“0 - In <r] - 10.237 

(Fj - SXyT = Cj, = 4B = 7.948 

8l = (Pj - Fh/T + (JSl - 
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The symbols are the usual ones, 1 representing a moment of inertia and 
a the S 3 nnmetry number. The formulas and tables for internal rotation 
contributions were given in the 1937 paper (32). The vibrational con- 
tributions for harmonic oscillators are given in many places (27), usually 
tmder the name “Einstein functions” which are for three degrees of 
freedom. 

The one remaining constant needed in these calculations is the height 
of the potential barrier (assumed to be sinusoidal in shape) restricting 
internal rotation. These values were selected to fit the known entropies 
and heat capacities of ethane (41, 24), propane (21, 23), and tetramethyl- 
methane (2). In the latter cases the barriers for each methyl group were 
assumed to be equal and independent. No assumption is needed as to 
which is the equilibrium position. Lacking experimental data, the 
potential barrier must be estimated for isobutane. Since the value 3600 

TABLE 1 


The variotLs parameters appearing in the calculations, and the entropies at 1^98. l^K, 


81IB8TA27G11 

CHiCHa 

CHi(CHs)a 

CH(CHi)a 

0(CHa)4 

Wa X 10«» g.« cm.« 

18.2 

336 

1965 

6570 

Ir X 10^® g. cm.® 

2.63 

4.4 

5.0 

5.1 

Fo, in calories per mole 

2800 

3300 

(3600) 

4700 


993 

1053 

962(2) 

921(3) 

Skeletal vibration frequencies (26) in 


867 

373 

VQid 

438(2) 

370 

732 

416(3) 

332(2) 

Symmetry number 

6 

2 

3 

12 

in calories per degree mole 

54.86 

64.7 

70.5 i 

73.2 


cal. per mole was adopted for all internal rotations in more complex 
molecules, it is used here even though a comparison of other molecules 
indicates a slightly higher value. The error from this source in the thermo- 
dynamic functions should not be greater than a few tenths of a calorie 
per degree. Table 1 contains the various parameters appearing in the 
calculations, and the entropies at 298.1'’K. 

IV. THEBMODTHAMIC TONCTIONS FOE THE MOEB COMPLEX HYDE0CAEB0N8 

When internal rotation appears in the carbon skeleton, the method of 
calculation commonly used ceases to be very suitable. This is because 
the assumption of that method, that the molecule is essentially rigid, is 
no longer even approximately correct. The harmonic oscillations of 
ordinary mdecules do not change the moments of inertia much on the 
average, but the possible gyrations of a long-chain hydrocarbon might 
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have considerable effect. In the 1937 paper the writer treated 7i-butane 
by considermg the molecule in each potential nvinimum with respect to 
rotation. Such a method becomes very laborious, however, in even 
slightly more complex cases. A different scheme of calculation has been 
developed recently by the writer (33), which is more suitable for the 
complex hydrocarbons. The general principles of this scheme will be 
reviewed briefly, without pretending to repeat the derivation. 

This method is based on the integral or classical form of the partition 
function which is approached at high temperatures (10). This equation 
involves only the masses of the particles and a knowledge of the potential 
energy as a function of thdr positions. It does not require knowledge 
of the normal coordinates of vibration and their frequencies. Actually 
some corrections must be made at the lower temperatures, as will be 
explained below. The molecules are treated first on the basis of the 
carbon atoms alone, assigning an effective mass. Then contributions 
from the hydrogen atoms of the CEj, CHg, and CH groups are added on. 

The potential energy of the molecule is assumed to be given by an 
e3q>res8ion mcludit^ the usual terms for bond stretching and bending, 
with the force constants given above, and a threefold sinusoidal potential 
barrier for each internal rotation. In addition, the potential energy of 
certain configurations is raised to account for steric repulsions. 

With this potential energy, the expression for a thermodynamic function 
takes the form: 

TKF. = + iVi [G— C str.l + JV* [C— C bend.] + JVj [I.Ilot.] + 

+ Na [CH»] + Ni [CHd + Ni [CH] 

where Th.F, represents the thermodynamic function; Fmrt is a function 
of T not depending on the molecule; [C — C str.] is a function of the C — C 
bond stretching constant, and Ni is the number of such bonds in the 
molecule; [C — C bend.] is similarly for C — C bond bending, and Nt is the 
number of such degrees of freedom; [I.Rot] is similarly for internal rota- 
tion, and Nz the number of skeletal rotations. F(itetio) is a function of 
energy astigned various positions on the basis of steric repulsions, and 
adjusts for the symmetry number <r in the usual manner; Ni, Ni, and 
Ni are the numbers of CHs, CHj, and CH groups in the molecule, and 
[CHs], [CH*], and [CH] represent their contributions to the thermo- 
dynamic function in question. All terms may depend on the temperature 
except Fff,), and are, of course, different for the various thermodynamic 
functions. Values for the various terms are tabulated in the papbr (33) 
wherein this method is developed. 

Ih the simpler hydrocarbons the potential Imrriers were determined 
from experimental data in three cases and ^timated in the fourth. The 



44 EBimiiTH S. FITZEB 

sparsity of accurate experimental data for the more complex molecules 
makes a different procedure desirable. Here the potential barriers and 
other constants will be given the same values for all molecules, and these 
values will be selected on the basis of the constants for the simpler mole- 
cules and the available thermodynamic data on the more complex ones. 
On this basis it is hoped that calculations for other molecules will have 
some validity. 

The potential barrier expected for the rotation of a methyl group at 
the end of a long chain would be the same as in propane, 3300 cal. 
For rotations within the chain a somewhat higher value might be expected. 
As a simplifying compromise 3600 cal. per mole is used throughout. 

For the carbon skeleton rotations it becomes necessary to decide which 
position is the stable one. Let us define as the os-position that correspond- 
ing to a symmetry of Dsa in ethane. Here each hydrogen is as near as 
possible to one at the other end of the molecule. The Jrans-position then 
corresponds to an ethane symmetry Dsd, or a rotation of 60° from the ex- 
position. This puts a hydrogen at one end half-way between two at the 
other. Coim, I^tiakowdcy, and Smith (4) have considered the evidence 
favoring either position. They consider the reasonableness of either case 
throu^ a large body of thennochemical data, and conclude “unreservedly” 
in favor of the ^rans-position as the stable one. Somewhat different 
conclusions have been reached by Gorin, Walter, and Eyring (14), and 
for ethane alone by Karweil and Schafer (17). The range of facts con- 
sidered by these authors does not compare, in the writer’s opinion, with 
that considered by Coim, Kistiakowsky, and Smith, at least for the case 
of the multi-carbon systems. Consequently we shall assume the trans- 
position to be stable, yet realhdng that this conclusion is not absolutely 
certain. The thermodynamic functions would not be greatly affected 
by changing this assumption. 

As compared to methyl group rotations which have by symmetry a 
potential barrier with three equal peaks and minima, the internal rotation 
of a carbon skeleton is not usually symmetrical and may have peaks and 
minima of different heights. Thus in n-butane there is one planar position 
with the methyl groups far apart and two positions derived by 120° 
rotation in either direction. In these latter positions the methyl groups 
axe a bit closer than allowed by their, ordinary van der Waals or kinetic 
theory radii. These two positions are probably somewhat higher in 
energy than the planar one, because of these steric repulsions. 

With the addition of more bonds the number of such positions increases 
rapidly. However, in the normal paraffins they can be easily clasafied 
as follows: (1) The planar, zigzag configuration which is presumably 
most stable. (:?) Positions which involve one or more interactions of the 
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type met in ?i-butane. They are assigned an energy na, where n is the 
number of interactions and a is the energy factor to be fixed from the 
available data. (S) Positions which involve such close approach of 
non-bonded atoms as to be of very high energy, and consequently excluded. 

In the branched-chain compounds different situations arise. However, 
in order to avoid additional constants, each position was assigned an 
energy in terms of a. This somewhat arbitrary procedure was carried 
out with the aid of the “lisher-Hirschfelder” models, which approximate 
proportional atomic sizes. Fortunately the number of different positions 
is less in the branched-chain isomers, because of the increased number of 
symmetrical methyl groups and occasional tertiary butyl groups which are 

TABLE 2 


Molal entropies of the normal paraffins, together with data used in their caloidation 
(<r =• 2 and JV* — 2 throughout) 



Ni Nt Ns 

KT7MBBR OF POSEEZOMS WITH aNBBaT 


0 

a 

2a 

3a 

4a 

5a 

1 

eo 

Calcu- 

late 

Ob- 

served* 

Butane 

3 2X2 

1 

2 

0 

0 

0 



cdL per 
degree 

74.17 

eat. par 
degree 

73.7 

Pentane 

4 3 2 3 

1 

4 

2 

0 

0 


2 

83.27 

82,2» 

Hexane 

5 4 3 4 

1 

6 

8 

2 

0 



92.41 

92.3 

Heptane 

6 5 4 5 

1 

8 

18 

12 

2 





Octane 

7 6 5 6 

1 

■Ttl 

32 

38 

16 

2 

144 

BfnKyl 


A per CH 2 

1111 

n 

2 






9.13 



* Experimental error about 1 calorie per degree. 


likewise symmetrical. On the other hand, it was impossible to assemble 
a model completely in a few cases, most notably that of 2,2,4-trimethyl- 
pentane. In such cases the energy assignments are little better than 
a guess. 

Table 2 contains the assembled data for calculations for normal paraffins. 
The steric parameter a was given the value 800 cal. per mole to obtain 
agreement with the accurate experimental entropies of n-butane and 
7i-heptane obtained by Aston (1) and the writer (33), respectively*. 

At their boiling points the following values were obtained: w-butane, — 
experimental, 72.0, calculated, 72.1 cal. per degree; n-heptane, — experi- 
mmtal, 111.78 ± 0.3, calculated, 111.6 cal. per degree. Since only one 
arbitrary constant was fixed, the agreement for both substances may be 

' After completion of these calculations, the writer recmved an unpublished value 
of the entropy of n-pentane of 83.46 =b 0.3 cal. per degree at 298.1‘K., from the work 
of Messerly (28) . The agreement with the calculated value is perfect. 
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said to verify the potential barrier of 3600 cal. selected above. The 
observed values® in table 2 are from Parks and coworkers (30), with 
vaporization data from various sources. 


TABLE 3 

Molal entropies of the hranched’-chain paraffins, together with data used 
in their calculation 


SXIBSTANOa 








mniBBB OF FosznoKS 
-wrm BNBBOT 



iYX iVS iVS iV4 iVS iV7 

1 

a 

2a 

3a 

4a 

- 

cr 

Calcu- 

lated 

(gas) 

Experi- 

mental 

(liquid) 

2-Methylbutane 

4 

4 

1 

3 

1 

1 

0 

2 

0 

1 

0 

0 

0 

jl 

caLper 

degree 

82.0 

cad, per 
degree 

60.8 

2, 2-Dimethylbutane 

5 

6 

1 

4 

1 

0 

1 

1 

0 

0 

0 

0 

0 

1 

86.7 

64.4 

2 , 3-Dimethylbutane 

5 

6 

1 

4 

0 

2 

0 

1 

0 

2 

0 

0 

0 

2 

86.5 


2-Methylpentane 

5 

5 

2 

3 

2 

1 

0 

2 

0 

3 

0 

0 

4 

1 

90.1 

69.9 

3-Methylpentane 

5 

5 

2 

3 

2 

1 

0 

2 

0 

2 

0 

2 

3 

1 

90.0 


2, 2, 3-Trimethylbutane . 
2,2-Dimethylpentane. . . 

6 

8 

1 

5 

0 

1 

1 

1 

0 

0 

0 

0 

0 

1 

92.3 

64.8 

6 

7 

2 

4 

2 

0 

1 

1 

0 

0 

0 

0 

2 

1 

93.4 

68.1 

2,3-Dimethylpentane. , . 

6 

7 

2 

4 

1 

2 

0 

4 

0 

0 

0 

0 

5 

1 

98.8 

72.4* 

2,4-Dimethylpentane, . . 

6 

7 

2 

4 

1 

2 

0 

2 

0 

0 

0 

2 

5 

2 

94.7 

69.7 

3,3-Dimethylpentane. , . 

6 

7 

2 

4 

2 

0 

1 

5 

0 

2 

0 

0 

2 

2 

95.4 

70.1 

3-Ethylpentane 

6 

6 

3 

3 

3 

1 

0 

11 

0 

0 

0 

0 

16 

3 

98.3 

74.6 

2-Methylhexane 

6 

6 

3 

3 

3 

1 

0 

2 

4 

3 

4 

0 

14 

1 

99.5 

75.3 

3-Methylhexane 

6 

6 

3 

3 

3 

1 

0 

4 

4 

4 

0 

0 

16 

1 

101.3 

74.0* 

2, 2, 3, 3-Tetramethyl- 
butane 

















7 

10 

1 

6 

0 

0 

2 

1 

0 

0 

0 

0 

0 

6 

94.1 

61.4 

2, 2, 4-Trimethylpentane 

7 

9 

2 

5 

1 

1 

1 

2 

0 

0 

0 

1 

0 

1 

1 

101.4 

(solid) 

76.2 


* The experimental entropies in this table are for the liquid, except as noted. 
All are from the work of Parks and Huffman (30) except the data for 2,2*di** 
methylbutane and 2-methylpentane, which are from the work of Stull (38). Those 
values designated by an asterisk are especially uncertain; the others are probably 
self-consistent to within 1 or 2 cal. per degree and somewhat low. The substances 
marked by an asterisk are, interestingly, also the two cases where optical isomers 
occur. The calculated values include an E In 2 term to account for this fact. 

When the calculations were carried out in the same fashion for the 
branched-chain isomers, the entropies obtained were too large. This is 
not surprising when one considers the high potential barriers found for 
tetramethylmethane, and the higher bending vibration frequencies ob- 
served in isobutane and tetramethylmethane. No account has yet been 
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taken of these factors. Since an accurate entropy is available for only 
one branched-chain paraffin above neopentane, any complex way of 
accountii^ for these factors would be absurd. The following simple 
procedure was adopted: 

Thermodynamic functions were calculated for isobutane and tetra- 
methylmethane, using the approximate methods of this latter section, 
and from these were subtracted the accurate values given above. The 
differences obtained were then applied as a correction to the higher 
branched-chain isomers, — one isobutane correction being used wherever 
a carbon atom is bonded to three other carbon atoms, and a tetramethyl- 
methane correction wherever a carbon atom is bonded to four others. 
The 2,2,4-trfanethylpentane entropy now comes within 1 cal. per degree 
of the experimental value (33) (which has a ±0.3 cal. per degree error) 
and this is as high accuracy as can be expected with such compounds at 
this time. 

Table 3 contains the assembled data for the branched-chain paraffins. 
The number of CH groups, Nt, is, of course, also the number of carbon 
atoms bonded to three other carbons; N 7 is the number of carbons bonded 
to four others. 

The only severe test to be applied is the case of 2,2,4-trimethylpentane 
already mentioned. However, in the last column the available entropies 
of the liquids are listed. Data for conversion to the gaseous state are not 
available. All these entropies involve long extrapolations from 90 to 
0“K., which, however, were made conastentiy throi^out. On the other 
hand, the writer (33) found the 2,2,4-tiimethylpentane extrapolation 
was 3 cal. per degree too low, while the n-heptane extrapolation was 
almost exactly right, which indicates that confidence can be placed in 
these values only to an accuracy of 2 or 3 cal. per d^ee. Actually the 
calculated and e^iperimental values show remarkably mmilar variations, 
and thtir differences are very reasonable as entropies of vaporization. 

Except for ihe simplest hydrocarbons (^, ^), the data on specific 
heats of gases are so sparse and inaccurate as to be of little value at present 
in cheddng values calculable by the methods discussed above. No 
serious discrepandes arise except in cases where the experimental data 
are very doubtful. On the other hand, no great confid^ce can be placed 
in values calculated by these methods until they have be^ checked 
experimentally. Fortunatdy, the likely chemical equilibrium calcula- 
tions are not sendtive to the heat capadty values. 

V. UNSATUBATED HTDBOCABBONS 

Thermodynamic functions for acetylene and etiiylene have been calcu- 
lated by Kassel (18) and the writer (32) and are included without change. 
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There is some doubt as to the correct potential barrier for the methyl 
group rotation in propylene. On the basis of the data of Frey and Huppke 
(11), and of Eistiakowsky and coworkers on the hydrogenation reaction, 
the writer (32) obtained a result of less than 800 cal. for this quantity. 
Eistiakowsky, Lacher, and Ransom (23) measured the heat capacity of 
gaseous propylene and placed the value at about 600 to 800 cal. per 
mole"S in good agreement. Powell and Giauque^ (34), taking the average 
as 700, obtained a third-law entropy of propylene which was 1.1 cal. per 
degree too low on the basis of this barrier. They attributed this dis- 
crepancy to a lack of discrimination between the CHa and CHa ends in 
the orientation of the molecule in the crystal. Then Crawford, Eistia- 
kowsky, Rice, Wells, and Wilson (7) reported that the value of 700 cal. was 
wrong and that the correct value was about 2100 cal., a value which gives 
agreement with the third-law entropy. These last authors failed to dis- 
cuss the results of Prey and Huppke, which can hardly agree with this 
last conclusion. In fact the barrier of 2100 cal. for propylene will give 
hydrogenation equilibrium constants difiering by about a factor of 2. 
There seems no reason to believe Frey and Huppke’s work to be in error 
by such a factor. On the other hand, the latest results of Eistiakowsky 
and his coworkers are not to be disregarded. 

It is unfortimate that the third-law entropy can be said to agree with 
either result. In passing it might be noted that since both ends of the 
molecule of 2-butene are the same, there would be no uncertainty in the 
third-law entropy there. Either the ds- or the irons-isomer could be 
used to get a definite value for the potential barriers in this case. 

In view of the present uncertainty there seems no justification for 
changing the thermodynamic functions calculated by the writer (32) in 
1937 for propylene and the various butenes. On the other hand, the 
results must he regarded as much less certain than those for the corre- 
sponding parafiBns. The errors may even exceed the 1 cal. per degree 
limits suggested in 1937. 

Detailed calculations for the hi^er olefins obviously would be prema- 

* Professor Giauque and Dr. Powell have requested that attention be called to a 
numerical error in the calculation of the restricted rotation contribution to the en- 
tropy at 298.1°E. The entropy correction for hindered rotation ^ven as —1.00 cal. 
deg.~* mole~‘ at 298.1‘K. in Table XI of their paper should have been —0.15 when a 
potential barrier of 700 cal. mole~* is used. This leads to a value of 64.9 cal. deg.*** 
mole“‘ for the entropy of propylene from molecular data at 298.1“K., instead of the 
value 64.0 which was pven. However, if one agrees with Eistiakowsky that his value 
of 700 cal. mole~‘ is wrong and accepts the later value of 2119 cal. mole~* proposed by 
Eistiakowsky and coworkers, the value 64.0 cal. deg.“* mole"* is by fortuitous cir- 

cumstance about the correct answer. The value at the boiling point 225.35°E. is 

correct, assuming a 700 cal. mole"^ barrier. 
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ture. Estimates can be made in particular cases by considering the 
corresponding parafBn and the difference between the most analogous 
butene and butane. Also, possible differences in the heats of hydrogena- 
tion and symmetry numbers should be taken into account. 

VI. TABULATION OF THBBMODTNAMIC FUNCTIONS 

"While in many cases the thermodynamic functions calculated by the 
methods outiined above are not as accurate as one might desire, they are, 

TABLE 4 

Thermodynamic constants for the formation of gaseous hydrocarbons at 298.1‘’ir. 


nC (graphite) — mHs(g) ■■ CnHmCg) 


BTJBSTAMCB 

A3 

AJET 

AF 


cdL per degree 

hedL 

had* 

Methane 

-19.39 

-17.865 ± 0.074 

-12.085 

Ethane 

; -41.61 

-20.191 =h 0.108 

-7.787 

Propane 

-64.4 

-24.760 ± 0.124 

-6.56 

n-Butane 

-87.6 

-29.715=1=0.163 

-3.63 

Isobutane 

-91.2 

-31.350 =b 0.132 

-4.16 

n-Pentane 

-111.1 

-34.739 =1=0.213 

-1.62 

2-Methylbutane 

-112.3 

-36.671 ±0.153 

-3.19 

Tetramethylmethane 

-121.1 

-39.410 ± 0.227 

-3.31 

n>Hexane 

-134.6 

-40.01 ±0.50 

+0.08 

2-Methylpentane 

-136.8 

-41.8 ± 0.7 

-1.0 

2, 2-Diinethylbutane 

-141.2 

-44.4 ±0.7 

-2.8 

»-Heptane 

-168.0 

-46.35 ±0.80 

+1.76 

2-Methylhexane 

-160.1 

-47.1 ±1.0 

+0,6 

2 , 2-Dimethylpentane 

-166.2 

-49.8 ±1.0 

-0.3 

w-Octane 

-181.6 

-50.70 ±1.0 

+3.4 

2, 2, 4-Trimethylpentane 

-190.8 

-56.2 ± 2.0 

+0.7 

w-*[CnHatt + J > 6) 

[-23.49W 

-[5.35W-7.90] 

[+l,65n 


+6.4] 

±0.1271 

-9.801 

Ethylene 

-12.49 

+12.556 ± 0.067 

+16.279 

Propylene 

-32.8 

4.956 ±0.110 

14.73 

1-Butene 

-66.1 

0.383 ± 0.181 

16.81 

eis-2-Butene 

-66.9 

-1.388 ±0.181 1 

15.67 

2ran«-2-Butene 

-67.6 

-2.338 ± 0.181 

14.80 

“Isobutene” (2-niethylpropene) — 

-69.2 

-3.206 ±0.162 

14.44 

Acetylene 

4*14.07 

+54.228 ± 0.233 

60.034 


for the most part, at least as good as the available heat of combustion data. 
The predfflon needed in the latter is, of course, much greater. AU the 
heats of formation used in the tables to follow are from Rossini’s complete 
review of the available data (35), except for a few branched-chain paraffins 
not included by Rossini. For the latter, the writer has given provisional 
values based on the available experimental data (30) and on empirical 
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relationships found for the simpler molecules. These are assigned a 2 
kcal. error in table 6. 

Thermodynamic constants for the formation of the gaseous, hydrocar- 
bons from hydrogen and graphite at 298.1®K. are given in table 4. The 
mitropies of hydrogen and graphite are taken respectively as 31.23 and 
1.39 cal. per degree. 

For use in calculations at arbitrary temperatures, the free-energy func- 
tion (Ho ~ f%)/T and the heat content function (Hr — Ho) are given 
for the range 298.1 to 1500®K., together mth values of AHo of formation. 
These appear in tables 6, 6, and 7. Although interpolations can be made 
by other methods, the graphical one 'vnll probably be most satisfactory. 
In this regard it is suggested that the values for the higher branched- 
chain isomers (where values for only 298.1, 600, and 1000®K. are given) 
be plotted alongside those of the normal compoimd as an aid in drawing 
the curve. 

Probably the most important use to be made of these results is the 
calculation of equilibrium constants. For the reaction: 

oA -h 6B 4- • • • = otM + nN 4- • • • 
the equilibrium constant 

rr ^ rym t>» trya 

-ft- — ••• 

is pven by the expression 

H In Hr = -AF/T = 2 (^o - F%)/T - (1/T) 2 AH? (1) 

where the sums are over the reaction products with a plus sign and the 
reagents with a minus sign thus: 

2 ( ) “ )m 4- »( )n 4- • • • — o( )a ~ H )b ~ ■ (2) 

The values of AHo for elements in their standard states are zero and may 
be omitted, but the function (Ho — Ft)/T has a non-zero value for all 
substances above 0°K. 

The values of the free-energy function for methane in table 5 and for 
acetylene in table 7 were taken from the work of ICassel (18), but have 
had the contributions of nuclear spin removed to correspond to the now 
graierally accepted convention. 

It is difficult to state briefly what the errors are in these functions. 
Errors have been, asagned to the AHS’s on the baas of Eossini’s work. 
The errors in the free-energy function may be divided rou^y into two 
classes; — ^those entering at low temperatures and present at 298.1®, and 
those entering at higher temperatures. Where accurate experimental 
entropies are avmlable, the former are largely eliminated. Thus in 
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table 6 the error in the free-energy function is probably less than 0.1 cal. 
per degree in methane, and is only a few tenths in the worst cases. On 


TABLE 6 


Thermodynamic functions for the higher hranched-’Chain paraffins 


SXIBGKFANCB 


2- Methylpeiitane I 

3- Methylpentane 

2.2- Dimethylbutane 

2.3- Dimethylbutaiie 

2- Methylh6xane 

3- Methylhexane 

3-Ethylpentane 

2 . 2- Dimethylpentane 

2. 3- I)imethylpentane 

2 . 4- D imethylpentane 

3 , S-Diine thylpentane 

2.2.3- Triinetbylbutane — 

2.2.4- Trimethylpentaiie. . . 
2,2, 3,3-Tetraniethylbutane 


(Hj-y'yVr 

(.B% - hJ) 

AH ! OF FORMATION 

298.1 

600 

1000 

298.1 

600 

1000 



coZ. per 
degree 

eoZ. per 
degree 

eat per 
degree 

heed. 

heal. 

head. 

heoL 


69.7 

88.7 

110.4 

6.07 

21.1 

49.9 

-32.2 ± 

0.7 

69.7 

88.6 

110.4 

6.04 

21.1 

50.1 

-32 db 

2 

66.0 

84.6 

106.4 

6.87 

20.9 

50.2 

-34.6 ± 

0.7 

66.3 

85.4 

107.3 

6.02 

21.3 

50.3 

—34 db 

2 

75.6 

97.6 

122.9 

7.15 

24.5 

57.8 

-36.3 d= 

0.8 

77.8 

99.5 

124.6 

6.98 

24.2 

57.5 

-36 d= 

2 

75.7 

96.8 

121.6 

6.74 

23.8 

66.9 

-35 =h 

2 

71.0 

92.2 

117.3 

6.69 

24.1 

57.8 

-38.5 ± 

1.0 

76.6 

97.7 

122.4 

6.65 

23.9 

57.2 

-36 ± 

2 

72.3 

93.6 

118.6 

6.66 

24.1 

57.7 

-37 d= 

2 

72.8 

94.3 

119.4 

6.73 

24.2 

58.0 

-37 =b 

2 

70.2 1 

91.5 

116.6! 

6.69 

24.2 1 

68.1 i 

-38 d= 

2 

76.5 

100.6 

128.9 

7.41 

27.3 

65.7 

-43.4 ± 

2 

69.4 

93.6 

122.3 

7.35 

27.6 

66.6 

-43 dr 

2 


TABLE 7 


Thermodynamic functiom for some unsaturated hydrocarhons 


* 

FTINCraON 

Es 

\ 


1 


|f 

if 


’ 

298.1 

44.05 

54.3 

62.0 


59.4 

57.0 

St-Fr 

T 

in calories per de- 

400 

600 

46.7 

48.8 

m 

66.3 

70.2 

64.3 

68.2 

63.7 

67.6 

61.6 

66.6 

gree. . 


600 

60.8 

63.3 

73.9 


71.1 

69.4 



800 

54.4 

68.3 

80.6 

fm 

77.8 

76.3 



POIilM 

57.6 

72.9 

86.8 

84.4 

83.8 

82.5 



1600 

64.2 

82.8 


97.6 

96.9 

95.9 


HI in kilocalories.. 


2.59 

3.20 

3.99 


4.06 

4.25 

aHJ of 

formation, in kilo-/ 


14.51 

8.58 

6.49 

3.65 


1.64 

calories \ 




□a 


drO.3 



I 


40.01 
42.49 
44.56 
46. 
49. 
52. 
57. 


2 . 


54. 

dbO. 


the other hand, in tables 6 and 7, excepting ethylene and acetylene, the 
errors may exceed 1 cal. per degree. The errors entering at higher tern- 
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peratures are difficult to estimate but may amount to several per cent in 
either function. This percentage should be applied only to the increases 
over the 298.1° values. In this conneciion it should be noted that AH® 
is not a purely experimental quantity but is calculated using the Hm — Ho 
values. Thus it is important to use AHJ’s calculated with the same func- 
tions as are to be applied later. 

For convenience in practical calculations the functions for graphite 
(3), hydrogen (12, 8), steam (13, 40), carbon monoxide (3, 15), carbon 
dioxide (19), and oxygen (16) have been included in table 8. AH values 

TABLE 8 


Thermodynamic functions for graphite, hydrogen, steam, carbon monoxide, and carbon 

dioxide 


FmercnoKT 

T 

GBAPEXTS 

H2 

HaO (g) 

CO 

CO 2 

O 2 


* 

\ 298.1 

i 0.645 

24.436 

37.191 

40.364 

43.678 

42.081 



400 

0.854 

26.438 

39.529 

42.408 

45.848 

44.127 

^ — in csiiorics p6r ne- 


I 600 

1.180 

27.966 

41.316 

43.963 

47.681 

45.691 

gree 


600 

1.510 

29.218 

42.789 

45.238 

49.261 

46.984 



800 

2.164 

31.204 

45.153 

47.271 

51.921 

49.062 



1000 

2.798 

32.762 

47.039 

48.876 

64.137 

60.715 


L 

1600 

4.206 

35.605 

60.647 

61.880 

58.613 

53.826 



298.1 

0.251 

2.023 

2.366 

2.073 

2.240 

2.069 



400 

1 0.51 

2.731 

3.190 

2.784 

3.197 

2.798 

ffr - ffS in kilo- 


600 

0.83 

3.430 

4.019 

3.490 

4.227 

3.524 

calories \ 


600 

1.20 

4.128 

4.874 

4.209 

5.328 

4.280 



800 

2.07 

5.537 

6.669 

5.701 

7.697 

5.855 



1000 

3.07 

6.966 

8.583 

7.268 

10.233 

7.499 



1600 

6.0 

10.696 

13.89 

11.363 

17.02 

11.77 

AHJ of formation, in kilo- ' 








calories 


0.00 

0.00 j 

-57.108 

-27.18 

-93.949 

0,00 





±0.010 

±0.03 

±0.011 



are from the cited literature except the heat content function of graphite, 
which was obtained by the writer by differentiating the free-energy func- 
tion. 

Equilibrium constants for a few reactions have been calculated and are 
given in table 9. It is beyond the scope of this paper to calculate, or to 
discuss the significance of the equilibria for the many reactions for which 
the necessary data have bemi given above. There are very few direct 
equilibrium measurements for hydrocarbon systems. The only data 
considered in this work so far are tiiose on the hydrc^enation of propylene 
and the various butenes (11). In addition, the work of Montgomery, 
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McAteer, axid Franke (29) on the butane isomerization may be mentioned. 
Their results indicate a constant of about 6.5 favoring isobutane, which 
may be compared with the value 2.5 from table 9. This difference, 
which corresponds to a little over 1 cal. per degree, is about the limit of 
error to be associated with the calculated value. 

Heats of chemical reactions may be calculated in a manner analogous 
to that for equilibria: 

AHa = E (Hr - Ho) + E AHS (3) 

TABLE 9 


Exam'ples of equilibrium constants calculated from the above data 


BXDACTIOK 

js:2&8 

iTeoo 

iClOOO 

n-C4Hio = iso-C4Hio 

2.5 

0.7 

0.4 

C,H, - CJBE. + H, 

1.3 X 10-“ 

1.7 X IQr* 

5 

C,H, = CH4 + CjH4 

7 X 10-» 

1.0 

6 X 10* 

n-CnHjii + » = CjH 4 + *l-Cn _ iHsn _ i 
(n>7) 

3 X 10-“ 

0.09 

170 

(CH,),CCHjCH(CH,)s = iso-C4H,o + 
iso-C4H8 

9 X 10-8 

7 

5 X 10* 

w-CtHi, = (OH,)»CHCH,OH,CH,CH,. 

7 

1.6 

1.0 

■= (CH,),COH,CHjCH, 

29 

0.7 

0.2 

ti-CrHifi = (C2H5)8CH 

1.1 

0.4 

0.3 

n-CrHi, = (CH,),CCH(CH,), 

10 

0.4 

0.1 


TABLE 10 

Examples of heats of reaction calculated from the above data 


R11A.TS OV BBACTXON 



AHfiOO 

AjSTiaoo 

OjH. =• CH. + OjH. 

koal, 

20.0 

31.1 

-1074.66 

-4.46 

kcai» 

21.6 

34.6 

-1079.56 

-3.63 

CfHs =S OsH# Hy 

CtHi, + 110a = 7COa + SHaO 

n-CsHw « (CH8)4C 



where the sums are as defined in equation 2. A few typical calculations 
are given in table 10. 

The heat content function has been calculated for the unsaturated 
hydrocarbons only at 298. l^K. As a rough approximation the changes 
in heat content above this temperature may be assumed to be the same as 
for the corresponding paraffin. These values will be too large, particu- 
larly at the higher temperatures, but will not err grossly. 

Heat content charges for a single substance are given by the function 
(Hx — Ho), whose temperature derivative is the molal heat capacity. On 
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the whole there is little difference between the heat capacities of isomers 
above room temperature. 

The entropy is given by the equation: 

Si. = (HS - Fl)/T + (JET?. - Hi)/T 

The first function is tabulated in this form; the second must be divided 
by the temperature and converted to small calories. 

VII. COMBINED FUNCTIONS 

As can be seen easily from equations 1 and 3 above, the summation of 
two functions in calculating an equilibrium constant or heat of reaction 

TABLE 11 

Combined free-energy and heat functions 

F%/T = {h\ - fI)/t - AffS/r 


= (Hr - Hi) + ah! 


FUNCTION 

T 

MNTEANB 

BTEANB 

FROFANB 

n-Bxn?ANB 

ISOBUTANN 


298.1 

89.96 

100.53 

118.04 

136.54 

138.40 


400 

78.72 

89.40 

105.22 

121.69 

122.16 

T 

500 

72.64 

83.68 

98.86 

114.52 

114.17 

600 

68.97 

80.53 

95.54 

110.92 

110.09 

800 

65.13 

77.88 

93.30 

108.99 

107.65 


1000 

63.58 

77.60 

93.88 

110.37 

108.51 


1500 

63.45 

80.48 

99.26 

118.15 

116,89 


0 

-15.96 

-16.48 

-19.44 

-23.25 

-24.52 


298.1 

-13.56 

-13.62 

-15.91 

-18.59 

-20.23 


400 

-12.65 

-12.21 i 

-13.85 

-15.82 

-17.44 

H* ^ 

500 

-11.61 

-10.46 

-11.36 

-12.48 

-14.06 

600 

-10.41 

-8.45 

-8.38 

-8.62 

-10.13 


800 

-7.66 

-3.70 

-1.53 

+0.43 

-1.02 


1000 

-4.56 

+1.89 

+6.48 

10.88 

+9.48 


1500 

+5.44 

18.08 

29.33 

40.49 

39.48 


could be reduced to a single sum by tabulating the combined functions: 

■ ~Ft/T = (Ht - Fl)/T - AHI/T 
Hi = {Hi - Ht) + AHS 

These can be considered to give the free energy and heat changes for the 
hybrid reaction: 

elements (standard state, 0®K.) = compound {T°K.) 

This scheme was used by Rodebush in the IriternaMoml CriUccH Tables 
and has been advocated recently by Aston (1). It has the advantage of 
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some simplicity, althou^ the numbers are now ordinarily larger and may 
change more rapidly with temperature, making interpolation and graphing 
more difiBlcult. The separate functions have the important advantage of 
keeping errors from different sources separated. Thus when accrurate 
heats of combustion for the higher branched-chain parafiBns become 
available, only the Aff o values need be changed, but this would change the 
whole tables of combined functions. 

As an example, table 11 contains these combined functions for the 
paraffins through the butanes. For the elements, with Ai?o by definition 
zero, the separate and combined functions become identical. Anyone 
finding the combined functions desirable can easily construct his own 
table or graph in a very short time from the tables of separate functions. 

VHI. CONCLtrSION 

In concluding, the writer wishes to recall rather carefully the purposes 
and point of view of this work. The principal aim was to develop a 
method of correlating the available thermodsnaamic data for hydrocar- 
bons, which would allow interpolation and extrapolation to different 
temperatures, different thermodynamic functions, and different but re- 
lated molecules. The accuracy of the results depends in some cases 
soUey on the experimental thermodynamic data employed. In other 
cases it depends also on the accuracy of the picture drawn from molecular 
structure data, and on the accuracy of the statistical methods employed. 
In addition, by these methods certain of the missing elements in our 
picture of the hydrocarbon structures can be filled in. 

These data should be very useful to chemists working with reactions 
involving these substances. The fact that hydrocarbon equilibria are 
so hard to measure directly makes indirect data of this type even more 
valuable. The information obtained with respect to internal rotation 
potentials, steric hindrances, etc. i^ould be useful also in non-thetmo- 
dynamic fields. 


REFERENCES 

(1) Aston, J. G.: Private communication (see paper in this symposium). 

(2) Aston, J. G., and Mnssbblt, G. H.; J. Am. Chem. Soc. 68, 2354 (1936). 

(3) Clatton, j. 0., AND Giauqub, W. F.: J. Am. Chem. Soc. 64, 2610 (1932); 66, 

6071 (1933). 

(4) Conn, J. B., Kistiakowskt, G. B., and Smith, E. A.: J. Am. Chem. Soc. 61, 

1868 (1939). 

(6) CoHiN, C., AND SxJTHBBLAND, G. B. B. M. : Proc. Roy Soc. (liondon)A166, 43 
(1988). 

(6) Cbawfoed, B. L., Jk., Avbet, W. H., and Linnbtt, J. W.; J. Chem. Phys. 
6,682(1938). 



THERMODYNAMIC FUNCTIONS OF GASEOUS HYDROCARBONS 


67 


(7) Crawford, B, L., Jr., Kistiakowsky, G. B., Rice, W. W., Wells, A. J., and 

Wilson, E. B., Jr.: J. Am. Chem. Soc. 61, 2980 (1939). 

(8) Davis, C. O., and Johnston, H. L.: J. Am. Chem. Soc. 66, 1045 (1934). 

(9) Eidinoff, M. L., and Aston, J. G.: J. Chem. Phys. 3, 379 (1936). 

(10) Fowler, R. H. : Statistical Mechanics, 2iid edition, pp. 56 ff . Cambridge Uni- 

versity Press, London (1936). 

(11) Frey, F. E., and Huppke, W. F.: Ind. Eng. Chem. 26, 64 (1933). 

(12) Giauque, W. F.: J. Am. Chem. Soc. 62, 4816 (1930). 

(13) Gordon, A. R.: J. Chem. Phys. 2, 65 (1934). 

(14) Gorin, E., Walter, J., and Eyring, H.: J. Am. Chem. Soc. 61, 1876 (1939). 

(15) Johnston, H. L., and Davis, C. O.: J. Am. Chem. Soc. 66, 271 (1934). 

(16) Johnston, H. L., and Walker, M. K.: J. Am. Chem. Soc. 66, 172 (1983). 

(17) Karweil, j., and SchAfer, R.: Z. physik. Chem. B40, 382 (1938). 

(18) Kassel, L. S.: J. Am. Chem. Soc. 56, 1351 (1933). 

(19) Kassel, L. S,: J. Am. Chem. Soc. 66, 1838 (1934). 

(20) Kassel,* L. S.: J. Chem. Phys. 4, 276, 435 (1936). 

(21) Kemp, J. D., and Egan, C. J.: J. Am. Chem. Soc. 60, 1521 (1938). 

(22) Kemp, J. D. and Pitzer, K. S.: J. Chem. Phys. 4, 749 (1936); J. Am. Chem. 

Soc. 69, 276 (1937). 

(23) Kistiakowsky, G. B., Lacher, J. R., and Ransom, W. W.: J. Chem. Phys. 

6, 900 (1938). 

(24) Kistiakowsky, G. B., Lacher, J. R., and Stitt, F.: J. Chem. Phys. 7, 289 

(1939). 

(26) Kistiakowsky, G. B., Ruhoff, J. R., Smith, H. A., and Vaughan, W. E.: 
J. Am. Chem. Soc. 67, 876 (1936). 

(26) Kohlrausch, K. W. F., and Koppl, F.: Z. physik. Chem. B26, 209 (1934). 

(27) Landolt-BOrnstein: Physikalische^Chemische Tabellen, Erg. Band. I, pp. 

702-3. Julius Springer, Berlin (1927). 

(28) Messerly, G. H. : A private communication from J. G. Aston. 

(29) Montgomery, C. W., McAtber, J. H., and Franks, N. W.: J. Am. Chem, Soc. 

69, 1768 (1937). 

(30) Parks, G.S., AND Huffman, H.M.: Free Energies of Some Organic Compounds. 

Chemical Catalog Company, Inc., New York (1932). 

(31) Pauling, L., and Brockway, L. O.: J. Am. Chem. Soc. 69, 1223 (1937). 

(32) Pitzer, K. S.: J. Chem, Phys. 6, 469, 473, 752 (1937). 

(33) Pitzer, K. S.: J. Am. Chem. Soc. 62, 1224 (1940); J. Chem. Phys., accepted 

for publication. 

(34) Powell, T. M., and Giauqxte, W. F,: J. Am. Chem. Soc. 61, 2366 (1939). 

(35) Rossini, F, D.: Private communication (see paper in this symposium), 

(36) Smith, H. A., and Vaughan, W. E,: J. Chem. Phys. 3, 341 (1936). 

(37) Sponer, H.: MoUhOlspeHren. Julius Springer, Berlin (1935). 

(38) Stull, D. R.: J. Am. Chem. Soc, 69, 2726 (1937). 

(39) Teller, E., and Topley, B.: J. Chem. Soc. 1936, 876. 

(40) Wilson, E. B., Jr.: J. Chem. Phys, 4, 526 (1936). 

(41) Witt, R. K., and Kemp, J. D.: J. Am. Chem. Soc. 69, 273 (1937). 




SOME OBSERVATIONS ON THE THERMODYNAMICS OF 
HYDROCARBONS AND RELATED COMPOUNDS^ 

JOHN G. ASTON 

School of Chemistry and Physics, The Pennsylvania State College, State College, 

Pennsylvania 

Received May 1940 

It is shown that it is necessary to take account of potentials hindering free 
rotation in calculating thermodynamic functions of hydrocarbons and 
related compounds from the spectroscopic and molecular data. Values 
obtained from the third law are correct. 

By using the third-law results, down to 10°K., the necessary potentials can 
be obtained and thermodynamic functions calculated from 300®K. to 1200®K. 
with the aid of the spectroscopic and molecular data. Thus AF^/T values 
are obtained for normal butane, normal pentane, and neopentane from 
300®K. to 1200®K. based on thermal data down to 10®K. obtained in this 
laboratory. The results on the first two make it possible to get free-energy 
values for the higher normal paraffins. Tables of these are given. 

A discrepancy between the entropy change in the reaction w-C 4 Hio(g) 
iso-C 4 Hio(g), as calculated from new accurate third-law data and from 
the measured equilibrium constants and heats of combustion, still exists. 

I. GENBEAIi EBLATIONS 

A, The free energy and equilibrium constant 

The best way to obtain free energies is by use of the relationships: 

F - TS (1) 

AF = AH - TAS (2) 

It is customary to tabulate the free energy of formation (AF®) of a 
compound from its elements in their most common states at the tempera- 
ture in question. Gases are always taken at 1 atm. in the ideal state. 
This quantity is related to the equilibrium constant (jK) for pressures 
expressed in atmospheres by the equation 

AF^^-BThiK (3) 

1 Presented at the Symposium on Fundamental Chemical Thermodynamics of 
Hydrocarbons and their Derivatives, which was held at the Ninety-ninth Meeting 
of the American Chemical Society, in Cincinnati, Ohio, April 10, 1940, under the 
auspices of the Division of Petroleum Cheinistry of the American Chemical 
Society. 
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To calculate AF® it is necessary to know Aif® and AS®, the heat content 
and entropy of formation, respectively. 

A value of Aff ® of formation can be obtained from accurate values of the 
heat of combustion of the compound and that of the elements which form 
it (36). Values at other temperatures can be found using the relation 

Afl® = AFS+ r ACldT 
Jo 

B. Entropy values from the third law 

The value of AS® can be obtained by use of the third law of thermo- 
d3nQamics, which states that the entropy of all “perfect” crystals at the 
absolute zero is zero. By “perfect” is meant that they are of a regular 
pattern that is repeated throughout the crystal. 

The thermodynamic relation for the change in entropy of a single phase 
with temperature is 

S 2 -St= [ CpdbxT (4) 

JTi 

where C, is the heat capacity at constant pressure. The entropy increase 
accompanying a reversible charge in phase is 

AS = AH/T (5) 

where AH is the heat absorbed in the transition. 

If complete thermal data are available on the compoimd starting with the 
“perfect” crystal at about 10®K., its entropy can be calculated by the use 
of the relations 4 and 5. The extrapolation required in equation 4 from 
0“K. to 10®K. produces a negligible error. 

C. The entropy from statistical mechanics 

When the energy levels for a molecule are known from its band spectrum, 
the entropy of the gas can be calculated (11, 7, 13, 19) by the relations 

B in E P.r“^- + ^ (6a) 

/S, = 3/2Blnitf + 5/2Blnr-221nP-2.300 (6b) 

= St + Sr+B (6c) 

where €»• is the energy of the group of quantum states of the molecule 
and Pi is the number of states in the group. iSr + « is the entropy due to 
rotation and vibration and St is the translational entropy. M is the 
molecular weight in grams, and P the pressure in atmospheres. 
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It will be shown presently that, in the present state of knowlec^, both 
thermal and molecular data are required to obtain the thermodynamic 
functions of hydrocarbon molecules with reasonable accuracy at high 
temperatures, and that neither alone is adequate. 

n. THBBMODTNAMIC FUNCTIONS POE COMPLICATED POLTATOMIC MOLECULES 
PEOM STATISTICAL MECHANICS 

A. The entropy with internal rotation 

Equation 6 cannot be applied to complicated polyatomic molecules, 
because their spectra are too complicated to allow the energies of all the 
states to be ascertained. Fortunately in these cases it is possible to 
separate the eneigy states of a molecule into those for rotation and those 
for vibration. In this case: 

5 ® = + St 

The expressions for the rotational (£>r) and the vibrational entropy (jS>) 
are exactly like equation 6a, except that in one case only rotational states 
are considered and in the other oidy vibrational. 

The vibrational contribution to the entropy is readily ascertained from 
tables (16) if the fundamental modes of vibration are known from the 
infrared and Raman spectra. 

It was diown by Eidinoff and Aston (10) that there is a very simple 
method of obtaining the rotational entropy if the molecular dimensions 
are known. In complicated molecules, of which methyl alcohol is one of 
the amplest, there are also internal rotations. The method of EidinoS 
and Aston and its extension by Kassel (19) allowed the entropy contribu- 
tions due to internal as well as external rotations to be calculated amply 
and accurately if zero potential hindered the internal rotations. 

Pitzer (30) has extended this method (in an approximate form only) 
to the case where potentials hinder internal rotation. Htzer discusses 
bis own and related methods elsewhere in this issue (32). 

’ B. Free energy and heal contend 

The differences between the free energy of the gaseous compound at 
the temperature T and the energy at the absolute zero (F® — ^fT) can 
be calculated from the spectroscopic and molecular data even more simply 
than the entropy. This quantity is given by 

(F® - FfSifT = -E In E pie"**'*' + Fj/F (7a) 

-(Fj/T) = 3/2ElnAf + 6/2Elny-ElnP- 7.267 (7b) 

where F? is the free eneigy of translation. 
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The corresponding difference for the heat content of the gas is given by 

flo - 4 ^ + 5/2 BT (8) 

Zj Pie 
i 

(N is Avogadro's number) 

For polyatomic molecules both equations 7a and 8 can be treated in the 
same way as the expression for the entropy. 

Equation 8 for the compound, along with values of H® — JS? for the 
elements, can be used to get AEJ, the energy change at the absolute zero 
for the reaction of formation of the gaseous compound, when the heat of 
formation is known. 

The free energy of formation is given by 

Apo/T APPJT + A(F« - J5®)/ir (9) 

The second quantity in the right-hand member of equation 9 is the differ- 
ence of the quantity, defined in equations 7, between the compound and 
the elements which form it. 

in. CHECKS ON THE VALTOrTT OE THE AJPBOXIMATE STATISTICAL 
MECHANICAL METHOD 

There are three ways to check the statistical method. One of these is 
to compare the entropy calculated according to equation 6 for the vapors 
of organic molecules with that obtained using the third law. A second 
method is to calculate AP® by the approximate statistical mechanical 
method (equations 7 and 9) for a gaseous reaction where the number of 
rotating groups changes. This value is compared with that calculated 
from the measured equilibrium constant by equation 3. A third method 
similar to the first compares calculated and measured gaseous heat ca- 
padties. 


A. Comparison viith ihirdrlaw entropies 

The application of the first method soon showed that agreement could 
only be obtained between the statistical mechanical method and the 
calorimetric method by one of two assumptions; that either the crystal 
was not perfect at low temperatures and the third law did not apply, or 
large potentials restricted internal rotation. 

Table 1 lists the comparisons which have been made for reasonably 
coniplieated molecules, using thermal data down to 10°K. In column 2 
of this table is listed the difference {S/ — Se) between the entropy cal- 
culated on the basis of free internal rotation («S/) and the calorimetric 
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entropy (Se). Column 3 lists the potential binderii^ each rotating group 
which must be assumed to obtain agreement between the statistical 
mechanical and calorimetric entropies. The number of such groups is 
given in brackets. Column 4 gives the reference to the original work. 

TABLE 1 


Potentials hindering internal rotation in certain compounds as ascertained from 
low-temperature thermal data 


COMPOITND 

Sz-Ss 

1 

POTUNTXALB 

1 

BBTBItBlfCn 

Methyl alcohol 

ealoriea 
degree per 
mole 

1.75 

1 

ealoriee 

6,400 

Kassel (19) 

Tetramethylmethane 

8.6 

4,600(4) 

Aston and Messerly (3) ; Pitzer (31) 

Ethane 

1.65 

3,150(1) 

Kemp and Pitzer (21) 

Methylaxnine 

1.64 

3,000(1) 

Aston, Siller, and Messerly (5) 

Propane 

3.4 

3,300(2) 

Kemp and Egan (20) 

Ethyl alcohol 

3.2 

3,000(1) 

Schumann and Aston (37) 

Isopropyl alcohol i 

4.2 i 

10,000(1) 

3,400(2) 

Schumann and Aston (38) 

Acetone 

0.6 

6,000(1) 

1,000(2) 

Schumann and Aston (38) 

Dimethylamine 

3.73 

3,460(2) 

Aston, Eidinoff, and Forster (1) 

Dimethylacetylene 

-0.3 

0 

Osborne, Garner, and Yost (27) 


TABLE 2 

Equilibria in certain reactions which have confirmed potentials hindering internal 

rotation 


BQOTLIBRI'DM 

PSR CBNP AOBBB- 

MBOT nr wxm 

poTBimAZtS nr 
TABIiB 1 

AUTBOBB 

C^, - + H, 

Exact 

Smith and Vaughan (39) 
Teller and Topley (40) 
Kemp and Pitzer (21) 

Pease and Byers (29) 

CO + 2Hj - CHiOH 

Exact 

Kassel (18) 

CJEL + HtO - CJB,OH 

Exact 

Schumann and Aston (37) 

(CH.),CHOH - (CH,),CO + H, 

16 per cent 

Schumaxm and Aston (38) 


B. Comparison with equilibrium data 

The second method has been applied to a number of gasMUS reactions 
in which the number of rotating groups (hangeS. In order to sudd 
equilibrium constants in agreement with those expahiteatally determined, 
the statistical mechanical calculation had to be made on the assumption 
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that potentials hindered the internal rotation of certain groups. The 
adoption of potentials of the values necessary to get agreement with the 
third-law entropies yielded satisfactory checks of the “statistical” with 
the measured equilibrium constants. 

This means that the equilibrium constants calculated from equations 
2 and 3, using third-law entropies, checked the experimental ones and 
that the third law was correctly applied to these compounds. 

'¥able 2 lists the several equilibria which have been used for such com- 
parisons. Without exception the third law has been substantiated, and 
previoudy estimated potentials hindering internal rotation have been 
confirmed. The second column of table 2 gives the average percentage 
difierence between the observed equilibrium constants arid those calculated 
from statistical mechanics with potentials hindering internal rotation as 
given in table 1 (i.e., to fit the third-law data). 


TABLE 3 

Potmtiais hindering internal rotations from gaseous heat capacities 


STTBSTANCn 

V 

BBFBBBNCB 

!Eth&zie 

calories 

2750 

Kistiakowsky, Lacker, and Stitt (23) 
Kistiakowsky, Lacker, and Ransom (22) 
Crawford, Kistiakowsky, Rice, Wells, and 
Wilson (8) 

Crawford and Rice (9) 

Prop&ne 

3400 

Propylene 

. 2120 

IDimethylaxsetylene 

<600 



C. Comparison with measured heat capadUes 

The third way to check the statistical method is to calculate the heat 
capacity of the gas from spectroscopic and molecular data and compare 
with the values found experimentally. Eistiakowsky and his collabo- 
rators have done remarkably accurate work in this field (23, 24, 8, 9). It 
is necessary to assume potentials hindering internal rotation, of the same 
magnitude as found using the third law, to obtain agreement with the 
experimental heat capacities. The potentials found by this method are 
shown in table 3. 

Finally, the fine structure of perpendicular infrared absorption bands of 
ethane (16), methyl alcohol (6), and methylamine (42, 41) turns out to be 
that due to a rigid top in each case, placing the potentials hindftn ng 
internal rotation greater than 2000 cal. 

The accumulated evidence in favor of relatively high potentials restrict- 
ing internal rotation is so great that the existeiice of such high potentials 
must be accepted as a fact. The absence of an adequate theoretical 
explanation (14) is a challenge, but in no way reduces the importance of 
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the experimental evidence. One by one apparent experimental con- 
tradictions in the evidence regarding high restricting potentials have been 
removed. One which still remains is discussed at the end of this paper. 

rV. CALCULATINQ THEBMODTNAMIC QUANTITIBS BY COObDINATING 
MOLECULAB AND TBEBMAL DATA 

In order to calculate thermodynamic properties from the molecular 
data the values of these potentials must be known. At present the only 
way to obtain them is by comparison with the experimental thermo- 
dynamic data. This means that it is not possible to calculate thermo- 
dynamic data from the molecular and spectroscopic data alone. On the 
other hand, while the entropy data and heats of combustion are available 
to calculate free energies and equilibrium constants at room temperature 
for a number of simple oi^anic compounds, including several lower hydro- 
carbons, the necessary heat capacity data on the gases are not available 
to carry out the calculation for higher temperatures. Yet it is just in the 
r^on of higher temperatures where free-energy and equilibrium data are 
desirable. The same may be said of heat content data. Reliable gaseous 
heat capacity data are not ea^ to obtain at high temperatures. 

Yet the third-law data are used in conjunction with the spectroscopic 
and molecular data, quite reliable free-energy values can be obtained for 
the gas over the range from 300“K. to 1500°K. 

A. Etxdiiatdon of potentials empirically from lMrd4a/w data 

If a third-law value is available for the entropy of the gaseous compound 
at room temperature (or at the normal boiling point) and if the spectro- 
scopic and molecular data are relatively complete, the potentials hindering 
internal rotation can be obtained so as to make the entropy calculated 
statistically, agree with the third-law value. These potentials are then 
used with the molecular and spectroscopic data to obtain the heat capacity, 
heat content, and free energy of the gaseous compoimd over the desired 
temperature range. 

Frequently there will be more than one group whose internal rotation 
is hindered by potential barriers, so that only the totd entropy contribu- 
tion due to the groups whose rotation is hindered can be found. One 
therefore assumes that the potential hindering the rotation of a group 
depends on its environment, and assumes all the potentials but one to 
have values already found in other compounds. Then the remaining one 
can be solved for. The hindered rotation whose potentud is solved for is 
that which has more novel features of structural enyiroruneht than any 
of the other hindered rotations. 

For example, in normal pentane there are potentials hindering the 
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rotations of the two end methyl groups. These are taken to be equal to 
those in propane. Also two ethyl groups rotate about bonds joining 
them to the central carbon atom. The potentials hindering these rota- 
tions are solved for. It is assumed that there are three equal barriers 
hindering the rotation in each case. This cannot be correct, because two 
of the barriers are due to hydrogen and one of them is due to an ethyl 
group. The empirical method partly compensates for this error in subse- 
quent calculations using the potentials and frequencies. Any error in 
the vibration frequencies is also partly compensated for by the empirical 
method. 

B. PotmUah fr<m meamred heat capaciUes 

Instead of an entropy value at room temperatiire, measured heat 
capacities of the gas noay be compared with those calculated from statis- 
tical mechanics and the potential solved for. 

C. Convmient therm>dynamic fuTwtions for tabiilaUon 

It is the quantities — BJ and B® — BJ that are obtained from the 
thermodynamic and molecular data. It is convenient to regard the 
energy the eluents in their standard states as zero at the absolute zero, 
that is, for them BJ is taken as zero. Then for compounds BJ is equal 
to ABg. 

This definition makes the quantities 

F® = (B« - B;) + AB® (10) 

H® = (H® - BJ) + ABJ (11) 

refer to the process: 

elements m standard states at 0°K. compound in standard state at 7^K. 

The B® and B® values for the elements at r®K. are then the B® — BJ and 
B® BJ values, respectively. 

The B® and B® values may be used exactly like AB® and AB® of formation 
values to compute free-eneigy and heat content changes in a reaction. 
The only difference is that in this latter system the free energy and heat 
content of the elements are not zero but the B® — BJ and B® — BJ values, 
respectivdy. 

This is the system used by Rodebush in the International CriUcal 
Tables. It has the obvious advantage that a table of B® values can be 
ttaed to get sensible heats direcRy. A table of heats of formation cannot be 
used for this purpose. “Single thermodynamuf’ functions su^ests itself 
as a mune for these quantities. 

It is hoped that Rte practice of including these functions in tables of ffiamuh 
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dynamic gwoMUes will become frequent. Whea the method outlined 
above is followed it is no extra labor to obtain these quantities. 

V. APPUCATION 07 THE METHOD TO SPBCI7IC HTDROCABBONS: 

TETBAMBTHTLMBTHANE (nEOPENTANE) 

Table 4 is a table of thermodynamic quantities for gaseous tetramethyl- 
methane. As this table will not be published elsewhere it is included as 
an illustration of the method. 

The following frequencies were chosen (3, 20, 5), the number in brackets 
representing the number of modes for each frequency: 335(2), 414(3), 


TABLE 4 

Thermodytiamie funetiona* of tetramethylmethane (ideal gas at 1 atm.) 
ABo Eo —31,070 ± 330 cal. per mole 


r 

-(JF> - Bl) 


+A7® 

+H« 


T 

T 


•K. 

etU. per degree 
per mole 

eed. per imree 
per mole 

eal per dmee 
per mole 

eoL per degree 
per mole 

300 

56.38 

159.94 

-10.31 

-25,900 

400 

62.00 

139.67 

+23.23 

-22,400 

500 

67.83 

129.96 

+43.74 

-17,800 

600 

72.17 

123.95 

+58.91 

-12,700 

700 

77.26 

121.64 

+69.23 

-7,400 

800 

82.10 

120.93 

+77.11 

-1,400 

900 

86.65 

121.17 

+83.38 

+5,100 

1000 

90.99 

122.06 

+88.44 

+11,900 

1200 

99.19 

125.08 

+95.87 

+26,300 

1500 

110.49 

131.20 

+103.46 

+48,800 


* While the individual values may be in error in the first decimal place, the second 
decimal place is of significance if derivatives are desired. 


733(1), 926(3), 3000(12), 1252(4), 1455(8), 960(8). With these frequen- 
cies the vibrational entropy of the gas was calculated at the boiling point. 
The entropy due to rotation of the molecule was then calculated, assuming 
a r^d symmetrical top with moments 186.2 X 10“" g. cm.* The sum 
of these two and that due to translation was subtracted from the measured 
entropy, determined in this laboratory (3), for the gas at the normal 
boiling point. The difference was taken as due to the four hindered rota- 
tions of the methyl groups. The reduced moments of these rotations 
are 6.3 X 10“*® g. <an.* frmn which, uting Pitzer’s table (30), it was de- 
duced that three potential ttiiTiiTna of 5000 caL hindered the rotation of 
each methyl group. 

The value of the heat of formation of the gas is found to be Affsms = 
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—39,448 at 298.16“K from the heat of combustion data of Khowlton 
and Rossini (24) and the newest combustion data on hydrogen (36) and 
graphite (36). From the spectroscopic and molecular data with the 
empirically determined potentials, was calculated for tetramethyl- 

methane at 298.16°K. and combined with the corresponding values for 
hydrogen and graphite. The value of A^J was then computed. 

The spectroscopic and molecular data were then used to compute 
F'^—El/T and at roimded temperatures. These combined with 

AF?; gave P/T and H\ 

The sum of the WyT values for graphite (7) (five atoms) and hydrogen 
(ax molecules) at 1 atm. (12) was subtracted from the F'^/T value in 
table 4 (column 3) at each temperature. This gave the AFyT values in 
column 4 for the reaction of formation at 1 atm. The values of (F®— 
ED/T in this table are probably correct to a few tenths of a calorie per 
degree per mole, owing to the use of a potential hindering internal rotar 
tion chosen to fit the entropy at the normal boiling point. This can be 
shown to be true for any compound where the vibrational frequency 
assignment is even roughly correct and is one of the advantages of the 
method (4). 


A. The free energy of Uie rmmU paraffins 

For several years the efforts of this laboratory have been directed to- 
wards the evaluation of similar tables for all lower hydrocarbons. The 
necessary data are now available for the computation of such tables for 
the normal hydrocarbons. Thermal measurements down to 10°K. have 
recently been completed in this laboratory which yield the entropies at 
the normal boiling points of n-butane (4) and n-pentane (26) m the 
gaseous state. From these results and the data on the heats of combus- 
tion (33), tables such as table 4 have been computed. 

The complete tables will be published elsewhere, but table 6 contains the 
values of AF®/r of formation at 1 atm. over the temperature range 300°K. 
to 1200‘’K. Similar tables have already been compiled by others for 
methane (17), ethane (31), and propane (31). These tables were cor- 
rected to the basis of the new results for graphite (36) at each temperar 
ture. The difference 

AS+^ = AE>/T{Cn+iB.i^) - AF®/r(C„Ha,H«) 

was computed between the free energies'of the successive normal paraffins. 
Four values with n = 1, 2, 3, and 4 were thus obtained from the data on 
the first five members at each of the temperatures. These results are 
tabulated in table 6 and plotted in figure 1. The alternating effect is 
noteworthy. The differences evidently approach constant values at 
about n — 5. The extrapolated constant (Merence for » = 5, shown in 
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TABLE 5 

Differ mces in AF^/T between successive members of the homologous series of normal 
paraffin hydrocarbons {ideal gases at 1 atm.) 

AF^/T for Ga+iH 2 B +4 minus AF^/T for CnH 2 n +2 


T 

_ AF0/r(Cn+lH2n+4) — AF0/T(CnH2n+2) IN CALORIES PER DEGREE PER MOLE 


n = 1 

n = 2 

71 — 3 

71—4 

71 = .5 and 71 > 5 

^K. 






300 

14.57 

7.28 

7.08 

6.49 

6.45 

400 

16.65 

11.17 

11.44 

10.93 

11.15 

500 

18.17 

13.70 

14.02 

13.61 

13.80 

600 

19.28 

15.54 

15.59 

15.46 

15.45 

700 

20,09 

16.59 

17.13 

16.60 

16.90 

800 

20.75 

17.20 

18.37 

17.65 

18.00 

900 

21.27 

17.96 

19.16 

18.35 

18.70 

1000 

21.66 

18.76 

19.58 

18.92 

19.05 

1200 

22,27 

20.06 

20.04 

19.89 

19.90 



Fig. 1 

Fig. 1. Differences in free energy between successive paraffin hydrocarbons (ordi- 
nate) versus number of carbon atoms (in lower of pair). Shaded circles, odd hun- 
dreds of degrees; open circles, even hundreds of degrees. 

Fig. 2. Function AF^/T (per carbon atom) for normal paraffins and 
tetramethylmethane 

figure 1 and in table 5 (column 6), was used to calculate the AF^/T values 
at each temperature for gaseous 7i-hexane, 7i-heptane, and ?i-octane from 
those for n-pentane. These values are also given in table 6. 
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TABT.IO G 

AF'^/T for 7ionn(il ^nirajlrna {ideal gasf’s at / aim.) 


T 



QHio 

^K, 



-11.43 

•100 

+ 14.07 

500 

+30,17 

600 

+41,20 

700 

+40.38 

800 

+55.57 

900 

+60.54 

1000 

+64.51 

1200 1 

+70.48 


A/*'”/?* JN f'ALOUIKH IM'IU l>K< 


an 12 

11 

-4.04 

1.51 

+25.00 

36.15 

+43.78 

57.58 

+56.66 

72. n 

+65.08 

82 . as 

+73,22 

01.22 

+78.80 

(17.59 

+83.43 

102.48 

+00.37 

110.27 


PUU MOLK 


Cylfic 

C^OFi.s 

7.06 

14.11 

47.30 

58.45 

71.38 

85.18 

87.56 

103.01 

00.78 

116.68 

100.22 

127.22 

116.20 

134.00 

121.53 

140.58 

130.17 

150.07 



H 

STRAIGHT 



HOOKED I 




Fig. 3. The four forms of normal pentane (carbon atoms mily) 
Fio. 4. The two forms of normal butane (carbon atoms only) 
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In figure 2 the AF'^/T values per carhon atom for the gaseous normal 
paraffins from butane to octane are plotted against T. 

It is necessary to resort to this procedure in order to obtain the AF^/T 
values for the higher normal paraffins, not only because the vibration 
spectra are incomplete but because the computation becomes extremely 
complicated. For example, in calculating the thermodynamic fimctions 
of j^-pentane the four forms shown in figure 3 had to be considered, whereas 
in the case of n^butane there were only the two forms shown in figure 4. 
The approximate ratio of each had to be computed and thermodynamic 
values for each had to be calculated separately. The number of sudx 
forms increases enormously as the homologous series is ascended. The 
AF°/T values should not be in error by more than 1.5 cal. per degree per 
mole for octane and correspondingly less for the other hydrocarbons. 

B. The effect of branching on free energy 

A similar procedure to the above can be carried out for the branched- 
chain paraffins, when the data become available. To illustrate the effect 
of branching, a graph of the free energy per carbon atom for gaseous 
tetramethylmethane is included in figure 2. Tetramethylmethane has 
an increasin^y higher free energy than normal pentane at higher tem- 
peratures. In other words, except bdow 450°K. the normal hydrocar- 
bons are somewhat more stable than the corresponding branched-chaln 
ones, and this extra stability increases with rise of temperature. Below 
460°^ the branched-chain hydrocarbon is the more stable. 

VI. THB BUTANB-mOBUTANB IQUIUBBTOH 

In this laboratoiy complete thermal data on n-butane (4) and iso- 
butane (2) have been obtained which allpw tis to eliminate the extra- 
polation of Parks, Shomate, Kennedy, and Crawford (28). In addition, we 
have obtained accurate values for the heat of vaporization of both at the 
normal boiling point (2,4). Thus it is possible to obtain accurate values 
for the entropies of the gases at 298.16°K. From these values was calou-^ 
lated the entropy difference 

AS B —3.66 d: 0.2 cal. per degree per mole at 298.16'’K. 
for the reaction 

nrC4Hio feas) -r (gas) , 

This is to be compared with the value obtained from the' eciufii|»riiim 
measurements of Montgomery, McAteer, and ^Vanke (26) and' tho-heat 
of isomerization found by Eossini (34). This value is . —2*08 d= OiSS 
cal. per degree per mole. The discrepan<y ctf 1.58 cal, per degree paf nl^ 
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is outside the probable errors. It is perhaps not outside the accidental 
errors. If this difference were real it would necessarily indicate a failure 
of the third law for one or both of these compounds. Further work on 
the equilibrium or heat of isomerization may reduce this decrepancy, 
which is more than five times the maximum error in the thermal data, 
assuming the third law to be valid. 

A siTiiiilftT’ comparison can be made for the isomeric pentanes as soon as 
the equilibrium data are available. Thermal data on 2-methylbutane 
down to lO^K are in progress and are complete on the o&er two 
isomers (3, 25). 

If the third law were not valid the method of calculating the potentials 
from the third-law data would fail^ of course. 

Vn. CONCLUSION 

The purpose of the foregoing review is to show that, by combining the 
molecular data with experimental thermal data and heats of combustiou, 
satisfactory thermodynamic data on gaseous organic compounds may be 
obtained over a wide temperature range. 
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SOME FREE-ENERGY DATA FOR TYPICAL HYDROCARBONS 
CONTAINING SIX OR MORE CARBON ATOMS^ 

GEORGE S. PARKS 

Department of Chemistry, Stanford University, California 
Received April 1940 

The molal free energies of formation (AF}) at 25®C. have been calculated 
for about thirty typical hydrocarbons containing six or more carbon atoms 
in the molecule. The calculations have been made by means of the third 
law of thermodynamics and almost entirely with the aid of modern thermo- 
chemical data; the results, therefore, are much more accurate than similar, 
earlier values. 

A number of correlations between molal free energy and molecular struc- 
ture are deduced from the data. In the series of normal paraffins the free 
energies conform closely to the linear relation, AF/ = —8912 + 1243 n, 
where n is the number of carbon atoms in the molecule. The isoparaffins 
have slightly lower free-energy levels than the normal compounds. The 
introduction of a double bond to yield an olefin elevates the molal free 
energy by about 20,000 cal. The free energies of cycloparaffins come be- 
tween those of the corresponding paraffins and olefins, while those of the 
aromatic hydrocarbons are definitely higher than the olefins. In all cyclic 
hydrocarbons, breaking the symmetry of the parent ring by the introduc- 
tion of a paraffinic side chain first lowers the molal free energy by 1000 to 
3000 cal., but subsequent increases in the length of this chain produce an 
increment per CHa group similar to that found in the normal paraffin series. 

The free-energy contribution of the phenyl group (CeHs) averages about 
31,600 cal. 


The third law of thermodynamics in conjunction with the ftmdamental 
equation 

AF ^ AH -TA8 ' (1) 

has provided the only generally applicable, independent method for ob- 
taining free-energy data for the hydrocarbons containing six or more car- 
bon atoms. Statistical calculations of entropy and free en^gy have 
yielded extremely accurate values for many of the simpler molecules. 
At the present time, however, such calculations are just being developed 

^ Presented at the Symposium on Fundamental Chemical Thermodynamics of 
Hydrocarbons and their Derivatives, which was held at the Ninety-mnth Meeting 
of the American Chemical Society, in Cincinnati, Ohio, April 10, 1940, under the 
auspices of the Division of Petroleum Chemistiy of the American Chemical Society. 
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for some of the more complicated molecules here involved and this de- 
velopment process is dependent to a lugh degree on accurate entropy de- 
terminations made by the third-law method (15). Moreover, equilib- 
rium measurements, while they have yielded excellent results in a few 
special cases, notably in the study of the cyclohexane-methylcyclopen- 
tane isomerization by Glasebrook and Lovell (4), can constitute only an 
auxiliary tool in the development of a systematic set of free-energy data 
for the various classes of hydrocarbons. 

Hence, the free enei^es of formation, AF/, presented in this paper 
have been derived entirely throu^ the third law. They represent the 
changes in the free-energy function^ for the hypothetical process 

^ H*(g) + nC (graphite) = C«H», (1 or s) » 

at 1 atm. constant pressure and 25'’C. (i.e., 298.16°K.), in which the product 
is 1 mole of the particular hydrocarbon in the liquid or crystalline solid 
state, as the case may be. Most of the hydrocarbon entropies have been 
calcidated from specific heat measurements made in the Stanford labora- 
tory by the author and his coworkers over the temperature range from 
the boiling point of liquid air up to 25°C. The values for the entropies 
of formation, AS/, have been derived by use of 15.615 B.tr. and 1.36 b.tt. 
for the atomic entropies of hydrogen and graphitic carbon, respectively 
(3, 5). The various AH/ values have been calculated from the experi- 
mentally measured heats of combustion of the several hydrocarbons by 
use of 68,318 cal. (17) and 94,030 cal. (19) for the heats of combustion of 
hydrogen and carbon (graplute), respectively. In the past, uncertain- 
lies in the heats of combustion of organic compounds have seriously 
affected the accuracy of such AH/ values, but fortunately a number of 
laboratories are today turning out combustion results reliable to within 
0.04 pw cent or better. In fact, most of the hydrocarbon combustion 
values utilized here are such products of this recent renaissance in thermo- 
chemistry. 

The energy unit used is the defined conventional calorie, derived from the 
international joule by multiplying by the factor 1.0004/4.185. All molec- 
ular wei^ts have been based on the 1939 table of atomic weights (1). 

In connection witii tiie tabulated free-energy data an attempt has been 
made to indicate roi^hly the reliability of the various values, at least for 
comparative purposes. The letter “a” tdter a value indicates that in the 

* In general, the nomenclature and symbols used in this paper are those of Lewis 
andBandall (10), 

*The abbreriations used to indicate phases are as follows: g gaseous; 1 >■ 
liquid; a » crystalline. 
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writer’s judgment the maximum uncertainty is thus under 500 cal., “b” 
that it is xmder 760 cal., “c” under 1000 cal., “d” under 1600 caL, and 

I. FBBB!-B!NB!BGY VALUES FOB SOME PAEAFBm HYDBOCABBONS 

A. The normal paraffins 

The normal paraffins have been studied most thoroi^hly and the thermo- 
dynamic functions for the members of this series are now established with 
reasonable accuracy up through dotriacontane (CjsHm). 

The molal entropies for the liquid state at 26°C. increase in linear 
fashion with n, the number of carbon atoms in the molecule. This fact 




20 30 


Fio. 2 


Fig. 1. The molal entropies of some liquid normal paraffins plotted against n, the 
number of carbon atoms in the molecule. 

Fig. 2. The combustion function (— Afis — 57,250)/n for some liquid normal paraf- 
fins plotted against the number of carbon atoms in the molecule. 


is illustrated graphically in figure 1, where the points represent e^qperi- 
mental values and the line corresponds to the equation 

Ssme = 24.0 + 7.8n (2) 

The heats of combustion for the liquids from n-hexane to n-dodecane, 
inclusive, have recently been measured with great accuracy by Jessup (6), 
and a comparable value for n-hexadecane has been reported by Blchard- 
son and Parks (16). Beckers (2) has also reported a result for crystalline 
dotriacontane, which should be fairly reliable. This last, subjected to 
our present standards for benzoic acid (7), to the Washburn (20) correc- 
tion, and to conversion to combustion at 25‘’C., yields a value of 5,029,400 
cal. for the solid state. The corresponding value in table 1 for the hy- 
pothetical liquid dotriacontane has then been derived by the addition of 
26,400 cal., an estimate for the molal heat of fusion at 25*’C. These molal 
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heats of combustion for the liquid hydrocarbons containing six to thirty- 
two carbon atoms, inclusive, conform closely to the equation 

-AHb = 57,250 + 156,200n (3) 

This situation is illustrated graphically in figure 2. 

In table 1 are tabulated complete thermodynamic data for nine normal 
parafSns. Column 2 contains the molal heats of combustion and column 
3 the values for the AH of formation calculated therefrom. The molal 
entropies (S”), — experimental values for the first eight compounds and a 
fairly reliable estimate in the case of dotriacontane, — and the corre- 
sponding entropies of formation appear in the succeeding two columns. 
Knally, the experimental values for AFf are given in the sixth column. 


TABLE 1 

ThermodyTMmie data for some normal paraffins at tB^C. 


StTBSTANCa 

HBAT OF COM- 
BUSTION AT 
CONSTANT P 

ABf 

s" 

AjS/ 

AF/ 

AFf/n 


edtonea 

ealcries 

Jl.U, 

JSsV* 

eakrUB 

ealorm 

Hexane (1) 

994,850 

-47,660 

70.9 

-155.9 



Heptane (1) 


-53,910 

78.6 

-180.8 



Octane (1) 

1,306,850 

-60,250 

86.2 

-205.8 

+1, 110(a) 

-(-139 

Nonane (1) 


-66,450 


-230.5 

-1-2, 280(b) 

+253 

Decane (1) 

1,619,440 

-72,360 


-254.4 

-1-3, 490(b) 

+349 

Undecane (1) 

1,775,360 

-78,790 


-278.7 

+4, 310(b) 


Dodecane (1) 

1,932,380 

-84,110 

118.3 


+6, 530(c) 

+544 

Hexadecane (I) 

2,556,110 

-109,780 

148.6 

-404.1 

-i-io, 710 (d) 

-(-668 

Dotriacontane (1) 



272.7 

-801.4 

+31,300 



and corresponding values per carbon atom in the final column. These 
last are of especial interest in making comparisons of thermodjrnamic 
stability in a group of compounds involving different numbers of carbon 
atoms. 

Since the heats of combustion and the molal entropies follow linear 
relations, the AF/ values calculated from these by equation 1 should 
follow also the linear relation 

AF^f == -8912 + 1243n (4) 

This equation is representefi by the line in figure 3, while the dots portray 
the actual experimental values. 

B. Branched-chain isomers 

The free energies of branched-chain parafiins present an interesting 
problem which should be investigated further. The change from the 
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normal compoimd to a branched-chain isomer produces a decrease in tbe 
molal entropy; and the quantitative aspects of this effect have been worked 
out fairly well in a preliminary way. However, the corresponding quan- 
titative changes in the heat of combustion witb branching must now be 
measured very accurately in order to evaluate the effect on AFf. 

Using preliminary combustion data for the isomeric heptanes and three 
isomeric octanes, Parks and Huffman (13a) in 1932 were led to the con- 
clusion that any branched-chain isomer should be on a h^er free-energy 
level than the normal compound. However, Knowlton and Rossini’s 




Fig. 4 


Fig. 3. The molal free energies of some normal paraffins in the liquid state plotted 
against the number of carbon atoms in the molecule. 

. Fig. 4. A plot of the molal free ener^es of some cyclic hydrocarbons. The lower 
curve and dots refer to the cyclohexane series, the circles to cyclopentane derivatives, 
and the upper curve and dots to monophenyl benzenoid hydrocarbons. 


TABLE 2 

Free energy of isomerization <U SS^C. 


BBACnOK 

^^*28.18 

'n~04£[io C^) iso^OiHio (1) 

-820 (dfclOO) 
-1020 (±400) 
-1490 (±670) 

t^05S[x2 0) iso^OrHu (1) 

n^CioHat (1) iso-GioHsa Cl) 



(9, 18) recent combustion values for the butane and pentane isomers 
have indicated that the converse is true. This situation has led to a 
direct study of the equilibrium in the butane isomerization by Mont- 
gomery, McAteer, and Franke (11) and to unpubli^d determinations 
of the heat of combustion and entropy of 2-methylnonane by Moore (12). 
All these results, presented in table 2, point to the conclusion that at 
room temperature the 2-methyl isoparaffin is definitely more stable (i.e., 
on a lower free-enei^ level) than the corresponding stiai^t-dbiain com- 
pound. 

Similar studies, dealing with the effects of multiple branching, appear 
very desirable. 
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n. DIBTEBENCES BETWEEN OLEFINS AND FABAFFINS 

The withdrawal of a mole of hydrogen from a parafiSn to produce an 
olefin hydrocarbon always raises the molal free energy considerably. In 
the case of the reaction 

n-heptane(l) -* l-heptene(l) + Hs(g) 

AF’Sgg.u = 20,620 (dbSOO) cal., accordii^ to the calorimetric studies of 
Ejstiakowsky and coworkers (8) and the entropy measurements of Parks, 
Todd, and Shomate (14). Similar studies for the reaction 

tetramethylethane (1) — ♦ tetramethylethylene (1) + BjtCg) 

yield AFI»sm = 17,100 (±700) cal. Thus with additional spatial pro- 
tection to the ethylene group the olefins becomes progressively less un- 
stable with reference to the parent parafiSn hydrocarbons. 


TABLE 3 

Thermodynamic data for some cydoparaffine at tS‘C. 


eUBBTAlXCE 

BSAT OF 
GOMBXrSTXON 
AT CON- 
8XAMT P 

H 

s" 


afJ 

ejff/n 


edloriea 

edhriei 


Jf.tr. 

edhritt 

eaioriea 

Methylcyclopentane (1) 

940,360 

-33,730 

59.3 

-136.2 


1,147 

Ethylcyclopentane (1),. 

1,096,440 

-40,000 

67.1 



1,143 

Cyclohexane (1) 

936,410 

-37,680 

49.3 

-146.2 

6,910 (b) 

986 

Methyloyclohexane (1), 
7i-Heptylcyclo- 

1,090,420 

-46,020 

59.4 

-168,7 

4,280 (c) 

611 

hiexane (1) 

n-Dodecylcyclo- 

2,025,560 

-84,960 

106.8 

-316.9 

9,630 (d) 

733 

hexane (1) 

2,809,630 

1 

y-A 

1 

147.5 

-439.1 

18,290 (d) 



m. FBEE ENEBOIES OF SOME CTCLOPABAFFINS 

The saturated hydrocarbons containing five- or six-membered lings oc- 
cupy free-energy levels somewhat intermediate between the corresponding 
aliphatic paraffins and olefins. Thus the AFf values for methylcyclopea- 
tane and cyclohexane are 7960 cal. and 6990 cal., respectively, above 
that for 7i-hexane. 

In table 3 appear thermodynamic data for two members of the cyclopen- 
tane series and four members of the cyclohexane series. These are based 
on accurate combustion and entropy determinations recently made in the 
Stanford laboratory by Moore and Renquist (12). The AF/ results are 
also plotted in figure 4. 

While it is evident that more m^bers of these two series ^ould be 












ffRBB-BNBEGt 5i.¥A #6fi TYPICAL HTDBOCABBONS 


81 


Studied, two facts stand out in a consideration of the data for the cyclo- 
hexane family: (a) Breaking the symmetry of the ring in cyclohexane to 
produce the methyl derivative produces a marked drop in AF®. (6) 
Progressive increases in the aliphatic side chain on the ring cause an in- 
crease in AF/ similar to that found with the normal parafGns. Thus 
the average increment in free energy per CHa group between methylcyclo- 
hexane and dodecylcyclohexane is 1270 cal., as against about 1240 cal. 
in the normal paraffin series. 

In passing, it is worili noting that these third-law values yield Aip 2 gs.u 
= 970 caL for the isomerization reaction 

cyclohexane (1) metirylcyclopentane (1) 

in excellent agreem^t with the result, 1150 cal., obtained by Glasebrook 
and Lovell (4) from their direct equilibrium measurements. 


TABLE 4 

Thermodynamic data for some aromatic hydrocarbons at Sf "C. 


8X7B8TAHCB 

CBf 

s* 

as} 

af} 

AF}/n 


caXarim 


a.i7. 

caloriea 

caZones 

Benzene G) 


41.9 

-69.9 


(o) 

4,843 

Toluene (1) 

3,620 

62.4 

-82.0 

27,970 

(0) 

3,996 

Ethylbenzene (1) 

-3,430 

61.3 



(0) 

3,611 

»-Butylbenzene 0) 

-16,630 

76.9 

-166.3 

29,670 

(d) 

2,967 

Diphenyl (s) 

23,260 

49.2 

-123.3 

KlIHjMI] 

(d) 


1 , 3, 5-Triphenylbenzene (s) . . . 

62,920 

87.9 

-226.8 


(e) 


Naphthalene (s) 


39.9 

-98.6 

47,430 

(b) 

4,743 

/9-Methylnaphthalene (s) 

7,990 

48.8 

-122.3 

44,450 

(b) 


Anthracene (s) 

26,740 

49.6 

-126.6 

64,190 

(c) 

4,684 

Phenanthrene (s) 

16,940 

50.6 

-124.6 



3,864 

Pyrene (s) 


61.4 

-126.6 

64,620 

(c) 



17. FRBl! BimtaXEIB OP SOMB ABOllATIC HIDBOCABBOITS 

While entropy determinations have been made for about thirty aromatic 
l^drocarbons, the corresponding combustion data are in many cases 
inadequate for an accurate evaluation of AF/ by equation 1. In table 4, 
however, appear thermodynamic (13b, 16) data for eleven compounds, 
which at least serve to indicate the general trends among the monophenyl 
and polyphenyl aromatics. 

The four Af/ values for henzene and its menophenyl derivatives are a 
revision of the earlier calculations of Parks and Hufman. They indicate 
that the general free-enetgy level for this smies is about 23,000 cal, above 
the corresponding cyclohexane compounds. Bere, as also in the cases of 
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cyclohexane and naphtihalene, a break in the S3mametry of the parent 
molecule to introduce side chains on the ring causes an appreciable initial 
drop in the molal free energy. 

With 27,000 cal. as the approximate basic free energy of the benzene 
molecule in forming derivatives, the free-energy values for diphenyl 
and triphenylbenzene here yield 33,000 cal. and 3 X 31,100 cal., respec- 
tively, for the introduction of additional phenyl groups. 

In the ease of the cyclic series benzene-naphthalene-anthracene the 
data show increases in AFf of 18,370 cal. and 16,760 cal., respectively, for 
each CJE 2 increment involving the successive production of an additional 
ring within the molecule. 


V. CONCLUSION 

It is hoped that this brief review of the free energies of formation of 
some hydrocarbons containing six or more carbon atoms within the mole^ 
cule has served to indicate the relative free-energy levels at room tem- 


TABLl 6 

Free-energy valms for typical hydrocarbons at S^°C, 


StTBSTANCBI 

FORMULA 

AifJ 

n-Decane (1) 

Ci^» 

CioHa 

Ci,S[» 

C.JEI.0 

CiJS[« 

OloHs 

+3,490 (b) 

+2,000 (b) 

+24,100 iestimated) 
+7,000 (estimated) 
+29,670 (d) 

+47,430 (b) 

2-Methylnonane (1) 

1-Decene (1) 

w^Butylcyclohexane (1) 

Ti-Butylbenzene (1) 

Naphthalene (s) 



perature for the various types and the general trend of the AFf values 
with structural changes. However, these problems evidently merit much 
additional study, as do also the problems connected with the application 
of such free-eneigy data to reactions at more elevated temperatures. 

To summarize the present findings on a comparative basis, table 6 has 
been prepared, partly from actual experimental values and partly from 
estimates made wili the aid of the observed regularities, for typical 
compounds containing ten carbon atoms in the molecule. 
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A. Introduction 

The discovery of the antistreptococcic activity of azo dyes derived from 
sulfanilamide in the laboratories of the I. G. by Mietzsch, Klarer, and 
Domagk, coupled with the later work at the Pasteur Institute by the 
Tr^ouels, Nitti, and Bovet, which showed that the activity resided in the 
sulfanilamide part of the molecule, is beyond doubt the greatest contribu- 
tion to chemotherapy yet made. It surpasses Ehrlich's discoveries, which 
were limited to the field of trypanosome diseases, since it has already led 
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to cures of most of the common infectious diseases of bacterial origin. 
The discovery stimulated intensive work on sulfanilamide derivatives and 
allied compounds by almost every large pharmaceutical concern and 
medical institution in the world. 

The frenzied research of the past five years has resulted in the synthesis 
and disclosure of about thirteen hundred new compounds derived from 
the parent sulfanilamide. When allied compounds and undisclosed sulfa- 
nilamide derivatives are added to these, it is probable that more than three 
thousand new compounds are available for chemotherapeutie study. Al- 
most every class of sulfanilamide derivative has now been explored. 
Inevitably, there has been an enormous duplication in synthesis, so that 
often four or more groups have synthesized the same compound, inde- 
pendently, and within a few days or weeks of each other. 

While sulfanilamide derivatives have been well explored from the chemi- 
cal inde, the bacteriological and pharmacological studies have been super- 
ficial and wholly inadequate. Obvious reasons for this are that pharma- 
cologists have had a great amount of work in widening the field of usefulness 
of sulfanilamide and its commercial derivatives, in investigating the nu- 
merous toxic reactions, and in lajdng a foimdation of test methods. Each 
new derivative calls for several weeks’ work at a cost of many experimental 
animals before even a preliminary estimation of its therapeutic value 
against a single disease can be given. When this is multiplied by the 
number of diseases now known to be susceptible to treatment by this 
group of drugs, it will be appreciated that each pharmaceutical chemist 
should be backed by a staff of at least ten bacteriologists and pharma- 
cologists if they are to keep pace with synthesis in this fidd. Ui^ppily 
the ratio is apt to be the reverse! 

Marshall (128) has recently summarized experim^tal infections treated 
by the new chemotherapy as follows: “The therapeutic effect of sulfanil- 
amide (or allied compounds) is excelleat iu experimental mouse infections 
due to the fi-hemolytic streptococcus, meningococcus, and pneumococcus. 
It is still good, but less satisfactory in mouse infections produced by strams 
of gonococcus and staphylococcus; Proteus, colon, typhoid, and para- 
typhoid organisms; the Soime strain of the dysentery Villus; a strain 
listerella; Hemophilus influenzae, the Welch baciUus, and certain mem- 
bers of the Pasteurella group, including tire plague bacillus. Prolongation 
of life, with few or no survivals, is reported for infections produced by 
strains of Salmonella typhimuiium, ftiedlinder’s badllus; Pasteurella 
pseudotuberculosis and the anthrax bacillus. A definite inhibitory effect on 
the development of experimental tuberculosis in the guinea pig and rabbit, 
an alteration of the natural course of expeiinimtal ^ucella infections in 
guinea pigs and Bacterium necrophorum mfection in rabbits, and the re- 
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markable curatiTe effect in certain human urinary tract infections also 
attest to the widespread antibacterial powers of the sulfonamide group of 
drugs. In protozoan infections, the only conclusive evidence of effective- 
ness is that reported for malarial infection of monkeys. In virus infections, 
the results so far obtained are negative or inconclusive, with the exception 
of l 3 nnphogranuloma venereum and trachoma. In both of these cases, 
there is some doubt if the infecting agent can be classed as a true virus.” 

B. MeASOTEMENT of CHBMOTHBRA.PBtrTIC ACTIVITT 

For obtaining preliminary data on the activity of a new sulfanilamide 
derivative, the mouse is used as a test animal almost exclusively. This is 
because of the ease with which nodce can be handled, their low cost, and 
their susceptibility to infection with many of the bacteria causing human 
diseases. As yet, there has been no w^-standardized technique which 
has been universally used. As a consequence, the published results of 
different laboratories testing the same drug have differed widely in their 
estimations of therapeutic value. Variations in the strain, virulence, or 
number of infecting organisms, in the size and frequency of dosage, and 
in the method of administering the drug greatly influence the survival of 
the mice. There has been great variation also in the length of time 
allowed before reading survivals and in the manner of expressing results. 

Marshall’s laboratory (120) has recently established a more nearly quan- 
titative method of evaluation, based on the drug-diet method of dosage 
worked out by Bieter, Larson, Levine, and Cranston (13). 

This method has been summarized by Marshall (128) as follows: “A 
more or less constant blood concentration of drug during the period of 
therapy is maintained by using food in which the drug has been incor- 
porated. By treating mice in individxutl cages, the daily drug intake of 
each mouse can be determined. Drug diets are so selected that one may 
expect to obtain with different drug intakes survival percentages greater 
and less than fifty. The diets are fed for one or more days prior to and 
for the desired period after infection. Irrespective of the percentage drug 
in any diet, the average daily drug intakes (per mouse) can be arranged in 
groups and correlated with percentage survivals. The dosage-survival 
curve is now computed and the Median Survival Dose (S.D. 60 ) with its 
standard error obtained. This can be converted into the Median Sur- 
vival Blood Concentration (S.B.C. 50 ) by a factor which relates blood con- 
centration to daily drug intake of the drug bring tested. By using a 
standard, one obtains a comparative value for the S.B.C.so’s which may 
be nearly absolute, even though the S.B.C.bo’s themsdves are variable.” 

The disadvantages of this method are the laige number of individual 
mouse cages required for any extensive program of testing, and the tedious 
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weighings and calculations involved. However, the advantages of ob- 
taining reliable results instead of a mass of conflicting and uninterpretable 
data should far outweigh the extra space and labor required. It is to be 
hoped that this or a similar method may be universally a>dopted, so that 
future publications on chemotherapeutic activities may be of more value 
than the morass of misinformation now available. 

For purposes of correlating chemical constitution with chemotherapeutic 
effect, much more information is desirable than has been obtained hereto- 
fore from ordinary tests in mice. It is highly useful to the chemist in 
projecting new syntheses to know whether a compoimd which has failed 
to protect mice against the infection is inherently inactive, or whether the 
lack of protection is caused by one or more of the following factors: 

(I) The dn^ is rapidly absorbed and eliminated, so that effective blood 
concentrations are not. maintained. This is undoubtedly an important 
factor with many highly soluble sulfanilamide derivatives; however, it 
does 7U>t follow that hi^ water-solubility means that the compound mO. 
be absorbed and eliminated rapidly. 

(S) The drug is not absorbed rapidly enou^ to reach effective blood 
concentrations. This may be caused by lack of solubility in both water 
and lipoids, or by other mechanisms. 

(S) The dri^ is rapidly conjugated by the animal, and hence does not 
exist in an active form long enough to exert its chemotherapeutic effect. 
This is probably a minor factor, although important differences in rate of 
conjugation have been noted. 

(4) The drug is toxic to the host. 

The chief advantages of expressing results in terms of S.B.C.sd’s from 
the chemist’s point of view is that, by so doing, factors 1 and 2 are dimi- 
nated and he is given a basis for comparison of inherent activities against 
structural characteristics or other properties of the compounds. Effects 
of factors 3 and 4 become apparent, also, since blood levd studies in control 
animals will automatically demonstrate conjugation and toxicity. For- 
tunately, in all cases where the sulfanilamide derivative has a free amino 
group, or can be converted by reduction or hydrolysis to give a free amino 
group, blood levels of the dn;^ can readily be determined by the method 
of Marshall and Cutting (130) or that of Bratton and Marshall (15). 

Some further li^t on whether the compound is inherently active or 
inactive is obtained by in vitro bacteriostatic tests, but too much rdiance 
cannot be placed in the results, since a multitude of factors may affect 
the results and not all of these are known. Also, the animal body k 
capable of transforming many compounds which are inactive m vitro to 
active compounds in vivo, as witness the origmal Prontodl. 

The preliminary studies in mice tdl almost nothing about the complica- 
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tions which may be eucovmtered in human therapy with the compound, 
so that, after favorable results have been obtained in mice, it is necessary 
to conduct very extensive pharmacological and toxicological studies tising 
larger test animals before proceeding to clinical studies. The possible 
dangers and the means of testing against them have been adequately 
covered elsewhere (122, 139, 168, 17, 128) and do not concern us here. 

It has been the practice to compare the chemotherapeutic activities of 
new derivatives with the parent sulfanilamide against j®-hemolytic strepto- 
cocci. Lately, this has been broadened to include a comparison with 
sulfapyridine against pneumococci. However, if the compound is inactive 
by these tests, its future is apt to be a small niche in Beilstein. This is 
probably not a just fate, tince it is by no means certain that a compound 
which is inactive against one or two test organisms will be inactive against 
all other bacteria, or even different strains of the same oi^anism. From 
the commercial point of view, this is likewise a questionable procedure, 
ance new derivatives to compete successfully with sulfanilamide must 
offer important advantages. That a derivative will be found which offers 
such advantages for the treatment of /8-hemolytic streptococdc infections 
appears increasingly unlikely. On the other hand, new derivatives are 
assured of immediate ' commercial success if they cure diseases against 
which sulfanilamide is not particularly effective. The case of sulfapyridine 
is a pertinent example of this, since it offers little advantage over sulfanil- 
amide against streptococci and is fundamentally a much more expensive 
compound to produce. It therefore would have had little chance of 
finding a market, were it not specific for pneumonia. 

In spite of these objections, the preliminary evaluation of new com- 
poimds will continue much as at present, since any other course would 
soon get out of hand. It is to be hoped, however, that when chemical 
activity decreases, pharmacologists may make the effort to reSxamiae 
many of the compounds passed over in the first hurried survey. It should 
be remembered that sulfanilamide was interred in Beilstein over thirty 
years ago. How many other compounds are awaiting resurrection? 

From the foregoing, it will be appreciated that there is comparatively 
little pharmacological data with which one can correlate the structures of 
sulfanilamide derivatives. This review has as its main function, there- 
fore, the classification of the known sulfanilamide derivatives according to 
their chemical structures. Where available, the acti'vity of the derivatives, 
as compared with sulfanilamide, against /S-hemolytic streptococci has been 
indicated. These results are usually based on preliminary tests in mice 
and are not particularly trustworthy, as may be gathered from the com- 
ments above. As used herein, the signs have the following meaning: 
+-!-+> di^tly superior to sulfanilamide; •+■+, about equal to sulfanil- 
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amide; +, moderate activity; ±, very slight or uncertain activity; 0, no 
activity; — , toxicity (treated animals dead before the controls). 


C. CHBMICAli Classietcaiion Ain> Nomeskolatttbb 

The present paper is strictly limited to derivatives of sulfanilamide. It 
therefore excludes the theraj^utically active diaminodiphenylsulfones and 
other closely related compounds. The system of listing is based on the 
nomenclature proposed by the author and coworkers (35), which has been 
generally accepted in this country. The parent compound is sulfanilic 
acid (I), 




^ 4 . 
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^ 4 . 
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II 


(1) 

SO2NH2 


NH2 
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III 


SO 2 NH— 

/\ 



IV 


which pves rise to the acid radical “sulfanilyl” (II) and to “sulfanilamide” 
(III), which in turn gives rise to the radical “suKanilamido” (IV). Simple 
derivatives are best named as derivatives of sulfanilamide, and to dis- 
tinguish between the nitrogens, substituents of the amido group are called 
JV*^bstituents, while those of the amino group are JV*-substituents. As 
an example illustrating the usefulness of the radicals, the compoxmd Y may 
be named iV^,iVMhmethyl-iV^(2-sulfanilamidopropionyl)-3-sulfanilylsulfar 
Dilamide. 


(1) 



For the purposes of this paper, sulfanilamide derivative are clashed 
as follows: 

I. Nudeax-substituted sulfanilamides. 

II. iV^ubstituted sulfanilamide. 
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III. iV*-Substituted sulfanilamides. 

IV. Nuclear, ^"-substituted sulfanilamides. 

V. Nuclear, iV^bstituted sulfanilamides. 

VI. 2V^,V^ubstituted sulfanilamides. 

VII. Nuclear, N",JV^*-substituted sulfanilamides. 

VIII. Salts of sulfanilamide. 

IX. Unclassified sulfanilamide derivatives. 

Each of the above main divisions is further subdivided into the follow- 
ing: 

(A) Inorganic substituents. 

Acyclic substituents. 

(C) Isocyclic substituents. 

(D) Heterocyclic substituents. 

(E) Acyl substituents. 

(F) Sulfonyl substituents. 

(G) Anils (Schiff bases). 

(H) Azo derivatives. 

Further subdivisions follow the system in Beilstein as closely as practicable. 

In the case of multiple substituents, the compound is listed under the 
substituent having the highest numerical and alphabetical placement 
above. For example, compound V (above) belongs to diviaon VII (nu- 
clear,iV",jV"^bstituted sulfanilamides). It would be listed under sub- 
division E substituents) and then under IV^amino-acyclic-acyl 

substituents, according to carbon content. In a series involving the same 
J^^oup, it would next be classified according to the iV^-substituents, and 
finally according to the nuclear substituents. 

D. STTIiFANmAMIDSl DBKtVATrVBS 

I. NuoLK&a-sxmB'riTUTi!D suni’AmxiAMmns 

Nuclear-substituted sulfanilamides (see table 1) have not been investi- 
gated particularly well from either the chemical or the pharmacological 
side. Two reasons for this are: first, that nuclear substituents are some- 
what more diBB.cult to synthesize than are the nitrogen-substituted deriva- 
tives, and second, that the simple derivatives so far made have practically 
no activity. Thus, introduction of a halogen, amino, sulfonamido, methyl, 
or carboxyl group into the sulfanilamide ring completely destroys the 
activity. However, the conclusion should not be drawn that any substi- 
tution of the ring will destroy activity, since 3,5-dimethylsulfanilamide 
(155) is said to have some activity, as also amline-3,5-disulfonanude 
(vhich, however, is not a sulfanilamide derivative). 
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TABLE 1 

Nuclear-si^BtUuted aidfanilamides 


H»N<( 

Us Be 


Rt 

Bi 

Re 

Re 

ACTIYITT 

BBFBBBNCBS 

A. Inorganic substituents 

a- 

H 

H 

H 


(80) 

H 

a— 

H 

H 


(173) 

H 

Br — 

Br- 

H 

0 

(20,64) 

H 

I— 

H 

H 


(167) 

H 

I— 

I— 

H 


(167) 

H 

NOr- 

H 

H 


(56, 97, 181) 

H 

NOr- 

NOr- 

H 

0 

(161) 

HO- 

H 

H 

H 

0 

(181) 

H 

NH,SO»- 

H 

H 

0 

(65,86) 

H 

NHjSO,- 

NHiSOr- 

H 

0 

(20, 126) 

H 

NHjt- 

H 

H 

0 

(61, 86, 181) 

NHr- 

H 

NH,SOr- 

H 


(126) 


B, Acyclic substitueats 


CHr- 

H 

H 

H 

0 

(86, 181) 

H 

CHr- 

H 

H 

0 

(61, 156, 181) 

CHr- 

H 

CHr- 

H 


(80, 84) 

CHr- 

H 

a- 

H 


(84) 

H 

CHr- 

CHr- 

H 

+ 

(165) 

CH,- 

H 

CHaO— 

H 


(81,84) 

CRx- 

H 

CaHaO- 

H 


(81) 

H 

CHiO- 

H 

H 


(173) 

CHaO — 

H 

H 

H 


(80) 

CH*0- 

H 

CHaO- 

H 


(84) 

H 

HOOC- 

H 

H 

0 

(57, 96) 

HOOC— 

H 

H 

H 

0 

(95) 


0. Isocyclic substituents 


None 


D. Heterocyclic substituents 


None 


Mention has been made of the anthelmintic activity of 2-methyl-^ 
metho^sulfanilamide against ascarides (81)* 
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n. iV'-STJBSTITnTBD STOPAmCiAMIOBS 

This class of sulfanilamide derivatives contains practically all of the 
therapeutically important new derivatives and has therefore been ex- 
tensively studied. Because of the number of compounds, the discussion 
will parallel the chemical subdivisions. 

(A) Inorganic sabsiitumts 

The derivative of hydroxylamine is claimed to be active, while the deriva- 
tive of sulfamic add is inactive. Scardty of inorganic amino intermediates 
accounts for the few compounds in this class. 





Ri' 

AcnyvjfTt 


HO— 

H 

++ 

(118) 

NaOsS— 

H 

0 

(121) 


(B) Acydio suhstibumls 

The ready availability of the aliphatic amines, hydroxyamines, and 
amino acids accounts for the many derivatives in this class (see table 2). 
In general, the compounds are of low activity. The series of iV'-alkyl- and 
iV^jlV'^halkyl-suKanilamides shows activity almost equal to sulfanilamide 
for the first two members, but a drop to neglipble activity for carbon 
chains longer than three. 

iV^-Hydroxyalkyl- and iV^-carboxyalkyl-sulfanilamides have given vari- 
able results in the hands of different investigators. This is probably 
because of rapid absorption and elimination, so that when compared with 
sulfanilamide the results are poor if given at the same dosage, and reason- 
ably good if given frequently enough. In spite of the low activities re- 
ported in this country for iV-sulfanilylglydne, it is interesting to note 
that it has found sale in Sweden under the name Streptasol (6, 61), 

Esterification of iV^hydroxy- or iV^-carboxy-alkylsulfanilamides de- 
stroyed their activity (42). 

(C) Isoeydic siibstiiuents 

These have been synthesized in great variety, since the intermediates 
are commereiaJly available from the dye industry, or can readily be nxade 
from commercial intermediates. For convenience, this class is further 
subdivided as follows: (i) R = to (2) oxy and oxo 

derivatives; (S) carboxy derivatives; (4) sulfo derivatives; (5) amino de- 
rivatives; and (d) miscellaneous derivatives. 
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TABLE 2 

N^AcycUcsulfanilamidea 




Ri 


ACJTOVTTT 

BBFBBDirciiS 

CHr- 

H 

++ 

(61, 86, 121, 181) 

OHr- 

OHr- 

+ + 

(26, 61, 80, 86, 164, 
i 181) 

CH,CHjt— 

H 

++ 

(61, 86, 181) 

OH,CHs— 

OH, CHr- 

++ 

(61, 70, 86, 181) 

OH,(CHs)r- 

CH,(CH,)r- 

=h 

(61, 181) 

(CH,)jCH— 

H 

. =b 

(61, 181) 

CH,(OH,)r- 

H 

± 

(61) 

CH,(CH»).- 

CH,(CH,)r- 

d= 

(61) 

CHi=CHCHir- 

H 

+ 

(61, 181) 

CH,(CHs)r- 

H 

0 

(40, 54) 

CH,(CH,)u- 

H 

0 

(40, 54) 

CH,(OHj)i,- 

H 

0 

(40, 64) 

CH,(CH,),CH-=CH(CHs)ff- 

H 

0 

(40, 54) 

HOCHj— 

H 


(193) 

HOCHjOHr- 

H 

+ 

(2, 9, 11, 42, 86, 
114) 

HOCHjCHr- 

CHb — 

1 0 

(40, 121) 

HOCH.CH,- 

HOCHsCHj- 

++,+ 

(2, 42, 87, 121, 100) 

CH,(CH2)ioCOOCH,CHj- 

H 

0 

(40) 

HOOHiCHjCHi- 

H 

dz 

(2, 114) 

GHjOHOHOHj- 

H 

0, =fc 

(2, 42, 114) 

(CH,),COHCHr- 

H 

0, dr 

(42, 121) 

HOCHiCH(OH)CHr- 

H 

0 

(2, 114) 

CH,OH(OH)CHr- 

CH,CHOHCHs— 

db 

(42) 

CJE[.CHOHCHr- 

H 


(114) 

(HOOH,)(CH,)*C- 

H 


(40) 

(HOCHj),CH- 

H 


(114) 

(HOCH,),(CH,)C- 

H 


(40) 

HOOCOBr- 

H 

(Streptasol) 

d= 

(9, 11, 21, 82, 80, 
96, 100, 102, 136) 
(21, 95, 121) 

NaOOCOHy- 

H 

db 

C^,OOCCH»- 

H 

=fc 

(40) 

HOOO(CH,)OH- 

H 


(136) 

NaOOCCHsCH,(HOOC)CH— 

H 

d= 

(21) 

CtHtOOCCHjCHjCHCOOCja, 

H 

0 

(40) 

] 

HO,SCH,CHr- 

H 


(82) , 

H,0-NaO^CH»CHsr- 

H 

0 

(121) 

(CjH5)^(CH,)4- 

H 


29, 45) 

CH,[(CsH,)JNlCHCH*CHr- 

H 


(28) 
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(1) JV^Isocyclicsulfanilamides: R = CnHin-i to CnBs»-u 

These compounds are summarized in table 3, together with some of their 
halogen and nitro derivatives. 

iV^CyclohexylsuIfanilamide was found to be inactive, while JV^phenyl- 
suKanilamide was claimed by Buttle (20) to be as active as sulfanilamide. 
This claim has been disputed by others, but is historically important in 
that it may have given impetus to the synthesis of isosteric derivatives in 
the heterocyclic series leading to the very active derivatives sulfapyridine, 
sulfathiazole, and sulfadiazine. It is interesting to observe that Gehuo 

TABLE 3 


N^ItocyeliosvlfanilamidM; B CnH|»_i to CnHin-u 



El' 

ACTIVWT 


.CH,C3Hk^ 

HsCXT >CH— 

H 

0 

(70, 86) 


H 

+, ++ 

(20, 66, 102, 163, 181) 

Crflr- 

HOCHaCHa— 

■+• + 

(42) 

SJ-OlCJEIf- 

H 

0 

(42) 

4.C106H4— 

H 

0 

(42) 

2-(N02)C.H4— 

H 


(76) 

3-(NOa)Cja[4- 

H 


(76, 187) 

4-(N02)C.H4— 

H 

+++, ± 

(9, 11, 76, 102, 187) 

2 , 4-(N0a)a04Hr— 

H 


(48) 

2-(CH»)C6H4- 

H 


(66, 91) 

3.(CH,)C«H4- 

H 


(66) 

4-(CHa)C6H4— 

H 


(66) 


H 

db 

(68, 86, 181) 

l-CioHr- 

H 


(66) 

2-CioB[7-^ 

H 


(66) 


(66), who first synthesized sulfanilamide, also synthesized iV^phenyl- 
sulfanilamide and its homologs. 

Substitution of chlorine in the phenyl ring destroys activity. JV*-(4- 
Nitrophenyl)sulfanilamide has been claimed to be more active than sul- 
fanilamide, but also much more toxic. This is contradicted by KoUofii 
(102), who reports little or no activity for this compound in both strepto- 
cocdc and pneumococcic infections. 

(2) -AP-Isocydicsulfanilamides: oxy and oxo derivatives (see table 4) 

The sulfanilamidophenols as a class have little if any activity against 
streptococdl. Sulfanilamidoguaiacol is also inactive against pneumococci 
(54). 
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TABLE 4 


N^IsocycUcsulfanilamidea: oxy and oxo derivatives 

JTOl 


Ri 


HaC<; >CH- 

^CHaCHOff 

2- (H0)C6H4— 

3- (H0)C«H4-~ 

4- (H0)0JB[4~ 
4-H0-3-(N02)C«Hr~ 

2- (CH,0)CJB[4— 

4-(CH,0)C«H4— 

4-(CaH60)C6H4— 

3- CHaO-4.(HO)C4Ha— 
2-CH3-4-HO-5-[(CHa)2CH]CeHir- 

4- (CH3C0)C«H4— 
4-(CH,CH2C0)C6H4— 
4-(0.H5C0)C«H4- 


Ri' 

▲CITVITT 

BSraBXHCBB 

H 

0 

(2) 

H 

-.0 

(42, 121, 187) 

H 

db 

(121, 187) 

H 

++,± 

(A 121, 127, 187) 

H 

0 

(121) • 

H 

0 

(A 64) 

H 


(28, 29) 

H 

db 

(181) 

H 

0 

(A 64) 

H 

0 

(A 64) 

H 


(197, lA 168) 

H 


(197) 

H 


(197) 


TABLE 6 

N^^lsocyclicsulfanilamides: carhoxy derivatives 



Ri' 

ACTxmr 

BBOnOBBIlIOBB 

2-(H00C)C4H4— 

H 

+++, ± 

(35, 54, 91, 100) 

2.(NaOOC)Cja4— 

H 

++,0 

(A 102, 121) 

2-(CaH400C)C6H4— 

H 

0 

(42) 

3-(H00C)C,H4- 

H 

+,±.0 

(35, 91, 102, 121, 100) 

4r(EOOC)CJS.4r- 

H 

+, ++, 0 

(9, 11, 35, 54, 100, lA 
121, 165) 

4-(NHaOC)C«H4— 

H 


(107) 

2-HOOC^-aCiHr- 

H 


(28, 29, 91) 

(66) ' 

3-(H00CCH«=CH)06H4— 

H 


4-(H00CCH«CH)G«H4~ 

H 


(66) 

4.HOOC-3-(HO)Cja[,- 

H 

0 

(A 91) 

4-(H0)C(H4CH,(H00C)CH— 

H 


(136) 


(3) ^Isocydicsulf anilamides : carbo:^ derivatives (see table 5) 

The sulfaDilamidobeozoio adds have ^vea variable results with differeut 
investigators, probably because of variations in dosage, dnce these com- 
pounds may be absorbed and excreted rapidfy. The S-sulfanilamido- 
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benzoic acid seems slightly more active than the 3- and 4-isomers. All 
are of low activity against pneumococci (102). 

(4) A^Isocyclicsulfanilamides: sulfo derivatives (see table 6) 

The above remarks on the corresponding carboxy derivatives also apply 
here. It is diflGicult to maintain adequate blood levels of sodium iV-sul- 

TABLB 6 


N^-hocycUcsulJanilamides: sulfo derivatives 


Ri 

nv 

AOnVSTY 

XtSVafiSKCSB 

2-(HO,S)CeH*- 

H 

+-l-,0 

(23,36,54) 

2.H0,S-4^FC,H3- 

H 

0 

(177) 

2-H08S-4-ClC(Br- 

H 

0 

(177) 

3-(H0,S)CJB[4- 

H 

+,± 

(35, 64, 91) 

3-(NH»0,S)Cja[4- 

H 

++, + 

(37, 64) 

3-H08S-4-FC6H»- 

H 

0 

(177) 

3-HO,S-4rClCJB[r- 

H 

0 

(177) 

4-(H0,S)C(B4- 

H 

ds 

(36, 65, 91, 100) 

4-(H0,S)C6H4- 

CJIs- 

0 

(42) 

4-(Na03S)C6H4- 

H 

db, 0 

(36, 100, 102, 121, 127, 168) 

4-H08S-2-C1C6H,- 

H 

0 

(42) 

4-NaOiS-2,6-Cl,Cjar- 

H 

0 

(42) 

4-HO,S-2-(CH,)CjaV- 

H 

+.0 

(36, 01, 121) 

S-HO,S-2-(CHi)CJHr- 

H 


(91) 


H 

0 

(86, 91) 

2-HO,S-4-(CH,)Cja,- 

H 

0 

(23,86) 

4-HO,S-2,{H(CH,)»C4Hr- 

H 

i 0 

(35) 

l-JTaO,S-5-0,oH(r- 

H 

+ 

(36) 

4-NaO.S-l-CioH,- 

H 

++,0 

(54, 36, 91) 

6-H0iS-2.0i(iHr- 

H 


(86) 

3,6-(HO.S),Cfir- 

H 

0 

(87) 

8,6-(HOiS)fl»CioHi— ■ 

H 


(91) 

3,3-(HO,S).-l-C,oH,- 

H 


(91) 

4,&-(NaOiS)rl-Oi»Hr- 

H 

0 

(121) 

S-NaO;B-2-(HO)CJE[r- 

H 

0 

(121) 

3-HO,S-4-(CJHtO)CJE[r- 

H 

0 

(36) 

7-HOiS-S-HO-2-Oija[r- 

H 


(91) 

8-HO.S^HO-2-0,oHr- 

H 


(91) 


fanilylsulfanilate. This may partly ejqplain the controversial question of 
its efiectiveness in dog distemper (46, 126). It is reported to be fairly 
^ective in lymphogranuloma venereum infections (73). 

Addition of a third group to the iV*-aiyl, when this is halogen, alkyl, 
oxy, or sulfo, destroys the activity. 
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(5) i\r^IsocycHcsulfaDilaimdes: amino derivatives (see table 7) 

The i\P-ajciunophenylsu]faDilamides have been extenavdy studied 
abroad. Whitby (11) reported them to be somewhat inferior to sulfanil- 
amide in antistreptococcic effect, but equal against meningococci and su- 
perior against pneumococci. Others have given conflicting evaluations. 
J\r‘-(4-Aminophenyl)8ulfanilamide as its tartrate was studied clinically in 
Europe, but withdrawn because it gave a high incidence of peripheral 
neuritis. 

The series of iW-(4-benzi]idineammophenyl)sulfanilamides (102) is in- 
teresting because of the variation in activity with different substituted 
benzilidine groups. E these anils are hydrolyzed m the body, the result- 
ing activities might be expected to be that of the parent iV^(4- 
aminophenyl)sulfaiiilanQide except as modified by rates of absorption and 
hydrolysis. 

The bis-sulfanilamidobenzenesulfonic acids and thmr salts are of passing 
interest, since they were found to be active when given parenteraUy but 
inactive per os (35, 64). Ei spite of hi^ water-solubility, these com- 
pounds are not absorbed from the intestinal tract. This is again an iUus- 
tration of the importance of studying blood levels of the drug in experi- 
mental therapy. 

(6) JV^Isocyclicsulfanilamides: miscellaneous derivatives 

The three derivatives listed, all arsonic add derivatives, are apparently 
inactive against streptococci. 






ACITV^ 

HT 

SB- 

vscm 

4-[(HO)jOAs]C.H^ 

H 

0 

n 

4-(NaHO«As)C«EU- 

H 


iRH 

3-14^[(HO),OAb]C6H«N-=N]-4.(HO)CiH,CH,(HOOC)CH- 

H 


Q| 


(jD) Heterocyclic svbstHuents 

This class of derivatives is bdng both extensively and intendvely studied. 
The ^ectacular success of sulfapyridine sgainst pneumonia has resulted 
in a gold-rush to the new field and new strikes are bemg made in quick 
succession. Two veins ci the origiaal lode have been uncovered in 
sulfathiazole (2-sulfanilamidothiazole) and sulfadiazine (2-sulfamlamido- 
P 3 nimidine), which may prove to be of equal or greater importance. These 








TABLE 7 

N^-Isocyclicsulfanilamides: amino derivatives 
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00 


iS“3cgcococooococo co co co co 

CO, CO, 00, po. 00 . 00, CO, .oo, po, po^ pp, po. 




-HTo 


-H 


+ 


+ 

+ 

+ 




TABLE 7-Cmludei 





® J, 

B 5 

oa 


0‘S Or' 


g g m g 


4r[4'-(4»-(NH,)C,H4SO»NH)C,H4SO,]Ojar- 

i.[4'-(4"-(NH,)C»H4SOjNH)CiH4NHIC.Hr- 

4-I[4-(4'-(NH,)Cja480iNH)CA]»C(0H)]CiH«- 
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compounds are all isosteric, as may be seen by an inspection of their 
structural formulas. 




aNOsoOTf V aNOsoNHf 


.N. 




ih Ah 


'o 

H 


/ 


Sulfap3mdine 




Sulfathiazole 


C3H 

{iH 

H 

Sulfadiaane 

The munber of compounds so far disclosed is remarkable in view of the 
difSiculties in synthesis, both of the amino heterocycles and of their sul- 
fanilyl derivatives. For conv^ence, these compounds are further sub- 
divided on the bads of the number of nitrogen, o^gen, or sulfur atoms 
in the heterocyclic cystem. 

(1) IV^HeterocyclicsulfaDilamides: one oxygen or one sulfur atom in 
the heterocyclic S 3 rstem (see table 8) 

Only two iV^heterocydic derivatives containing one oxygen atom in the 
heterocyclic system have been disclosed, and both are inactive. In these 
derivatives of mono- and di-fuifurylamine the amido group is not at-' 
tached to the ring but to a side chain, so that these derivatives axe not 
isosteric with sulfap 3 nndme. 


H«N< >SO«NHC 

ii 


(2) iV'^Heterocyclicsulfanilamides: one nitrogen atom in the 
heterocyclic system 

A great naany substituted 2- and 3-sulfanilamidopyridines have been 
made, but of the 4-5ulfanilamidopyridines only the parent compound has 
so far been disclosed (see tables 9, 10, 11). DMculties in the syi^tiiesis of 
4rsubstituted pyridines is the obvious reason. 

There was no significant difference in activity between 2- and 3-sulfanil- 
amidopyridine on either streptococci or pneumococci (160). Eemarkable 
differences developed in the study of their substitiition products, however. 
In 2-sulfanilamidopyridine, substitution of hal<^6n in the 5-position de- 
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Btroyed the activity, while nitro or amino groups in the 5-potition gave 
slightly enhanced activity against streptococci and slightly less activity 
against pneumococcL "V^en the poations of the groups were reversed, 
i.e., substituents introduced in the 2-position in 5-sulfanilamidopyiidine, 
the halogen derivatives were now active and the nitro and amino deriva- 
tives inactive! Blood level studies showed no significant differences 
between active and inactive compounds, so that the difference in activity 
must be explained by some inherent difference in the compounds 
themselves. 


TABLE 8 

JP-Seterocydicsiilfanilamides: one oxygen or one svJfur atom in the heterocydie 

system- 


"By ACnYITT ] BXFBBXNCB8 



Theories of the mechanism of the action of sulfanilamide derivatives 
mi^t well be tested against such pairs of compormds. It is difficult to 
tmderstand in terms of a postulated in vivo oxidation of the amino group 
to hydroxylamine as tire active form, the profound influence of isomerism 
in £01 iif^ubstituent. One fears that the architecture of new chemothera- 
peutic agents will continue to be an empirical science for some time to 
come! 

In the sulfamlamidoquinoline series (see tables 12 and 13), few activities 
have been d^closed. Howev^, there seems to be a marked drop in 
activity and increase in toxicity as compared witii tire corre^nding 
si ilfanilami dopyridines (54). The corresponding isoquinoline derivative, 
tiiou^ inactive, was less toxic. 



TABLE 9 

i-Svlfanilamidopyridines 
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S o§ eg 

§§‘‘§‘S'‘si‘'8S<aSS' 

j— I, r-l^ 1—1, 1—1, 1—1, 1— I, 1-I_ tH, 


+ 

+ 

+ 

+ 

+ 


+ 

+ 

+ 


+ 

© o + + 

+ 


+ + 

+ + + 
+ + 



n 

o 


iz; 


1 L 

kX^ 


Sg 


4 

0 

1 


ii 

q8 

ow 



KNH,)0^4S0J^H— 



TABLE 10 


S^Stdfanilamidopyridines 



El 

Ba 

E4 

Es 

Rt 

ACTIVITY 

BBFIDBBNCBIS 





Cl— 

Br— 

HO— 

CaHfiO— 

NHr- 

+++ 

+++ 

+++ 

0 

+ 

0 

(54, 160, 190) 
(160) 

(160) 

(160) 

(160) 

(160, 190) 


TABLE 11 

4'-Stdfanilamidopyridines 



TABLE 12 


x^tUfanilamidoquirio^^^ 

Rs 

B, E« 
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TABLE 13 

x-StdfanilamidoiaoqidTiolines 


Rb R4 


Ri 

Ri 

Rs 

lU 

Rs 


Br 

Bs 

AOXIVITT 

bbfbbbhcbb 


X 







0 

(42, 54, 132) 


TABLE 14 

N^-Heterocyclicsulfanilamides: two or more nitrogen atoms in the heterocyclic 

system 


R» 


^ ACXXTZST 

BXPBBXKCSS 

NH— CH 

1 

H 

0 

(42,64) 

N CCHjCHj— 

N— CH 

—A <!1h 

H 

+++ 

(159) 

^=43H 

N— CH 

-S hu 

Na— 

+++ 

(ISO) 

N— CH 

-h <Ih 

H 

+++ 

(169) 

]1^=(!)ch, 

N— CH 

-i L 

Na— 

+++ 

(169) 

ii=hcH$ 

N— CH 

hA &H 

H 

0 

(169) 

1 

HN— CO 

'oi <!j— 

H 

0 

(169) 

Ball— &H 

N 

oc'^ \tch» 

H 

0 

(169) 

1 
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(3) JV^HeterocycMcsulfamlamides: two or more nitrogen atoms in 
tlie heterocyclic system (see table 14) 

2^u]fanUamidopyriini(ime (“sulfadiazine”) (159) has shown several 
important advantages over sulfapyridine in preliminary studies. It is 
very readily absorbed, so that adequate blood levels can be maintained 
at lower dosage levels. Since 2-(iNr^acetylsuhanilamido)pyrimidine is 
slightly more soluble than 2-sulfannamidopyriinidine, danger of kidney 
damage should be less than for sulfapyridine and sulfathiazole, where the 
reverse solubility relationship holds. Another favorable point is that in 
10 per cent aqueous solution the pH of the sodium salt is 9.6 to 9.7, as 
against pH values of approximately 10 for sodium sulfathiazole and 11 for 
sodium sulfapyridine. 

2^ulfanilaTnido-4-methylpyTiTnidine, “sulfamethyldiazine,” appears 
equal to the parent compound in activity on both pneumococci and 
streptococci. 4-SuHanilamidopyrnmdme is apparently completely inac- 
tive, as is 5-sulfanilamidouracil. 

While not listed, it might be noted that 5-(p-nitrobenzenesulfonyl)tetrar* 
zole was synthetized, but could not be reduced to the corresponding 5-sul- 
fanilamidotetrazole without rupture of the tetrazole ring, giving rise to 
sulfanilylguanidine (159). The nitro group was apparently reduced in 
the body, since a diazotizable amine could be measured in the blood. The 
compound was inactive, while the guanidine derivative, which gave more 
rapid absorption and elimination, diowed slight activity. This suggested 
that the tetrazole ring was not broken down in vivo (159). 

(4) y ^Heterocyclicsulfanilamides : one nitrogen atom and one oxygen 
(or sulfur) atom in the heterocyclic system 

Only one derivative of the type containing one nitrogen atom and one 
sulfur atom in the heterocyclic system has been disclosed and it was found 
to be inactive; however, the point of attachment was on a side chain 
rather than to the zing. 




El 


ACTlViTY 

BXnDBSKOB 

Ck( >NCH,CHr~ 

H 

0 

(40). 





The s ulfanil amid othiazoles have been well explored chemically (see 
tables 15 and 16). 2-SuhaQilaiiudothiazole (“sulfathiazole”) and 2-sul- 
fan ilamid o4rinet3iyltbiazole (“sulfamethylthiazole”) are very active 
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TABLE 15 

B^Sulfanilamidothiazoles 

r I II II 

Ri N- -CR4 


Ri 

R 4 

Us 

ACTIVITY 

BBFBBBNCBS 



* 

++ 

(6, 33, 59, 121, 124, 




i 

127, 133, 159, 174, 
185) 

Na— 



++ 

i (124, 185) 

C 2 H 5 — 

CHs— 

t 

++ 

(133) 

(6, 33, 59, 124, 127, 





133, 159, 174, 

183) 

CH,— 

CH,— 


db 

(133, 174) 

CeHsCHjr- 

CH^ 



(133) 



CH,- 


(133) 

CsHs — 


CHy — 


(133) 


C 2 H 5 - 



(124) 



CiHi^ 


(133) 


C6H« — 

t 

+ 

(6, 133, 174) 


4r(CeHs)CftE[4 — 


0 

(159) 


CHs — 

CHr- 


(133) 


CHr- 

CJSr- 


(133) 


CHi^ 

HOOHjCHr- 


(133) 


CH^ 

HOOC— 


(133) 


CHa- 

C,H,000— 

=b 

(133, 174) 


* Sulfathiazole. t Sulfamethylthiazole. t SulfaphenyltMazole. 


TABLE 16 

B-’SulfanilamidobenzQthiazoles 
S Hr 

OjN-C'^ 

Ri 

K* 




Bi 


Ee 

E7 

ACTIVITY 

BBFBBBHOBS 



NHr- 

CH,CONH— 

NOa- 

CHa- 

CaHaO— 

i 


0 

(133, 159) 
(183) 

(133) 

(133) 

(133) 

(133) 

(133) 
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agamst both stireptococd and pneumococci, and in addition are effective 
gainst stapbylococd. Sulfatbiazole is more regularly absorbed than 
sulfapyridine and has had wide clinical study against pneumonia and 
staphylococcal septicemias, with generally favorable results. Sulfamethyl- 

TABLE 17 

N^SOerotydicsulfanilamides: miseeUaneoiis derivaiives 




ly 


ACXIVITT 


1 li 

H*0 N 

H 

+ 

(174) 





jj 

nly — ^ 

E. 

H 

± 

(60, 174) 


TABLE 18 

N^HeUrocyditmdfanilam^ two nitrogen atoms and one sulfur atom in the 

heterocyclic system 


W<3s(Mt<^ 



Ri' 

ACXIVITT 

BBFSBBNCSS 

Hc/%3- 




1 1 

N N 

hc/^N)- 
1 1 
cha,^/N 

H 

H 

=b 

(169) 


+ 

(60) 


thiazole was withdrawn from clinical study because about 2 per cent of 
the patients treated with it developed peripheral neuritis of more or less 
serious character. Sulfatbiazole has not shown this disadvantage, al- 
tlmu^ kidney damage is posable and must be carefully watched for by 
the clinicians. 
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Some miscellaneous heterocyclic derivatives contaming one nitrogen 
atom and one sulfur atom in the heterocyclic system are given in table 17. 

(5) Ari-Trp!tRTnny<»1ingii1 ffl.Tii1fl.Tni dftH ; two nitrogen atoms and one ozygen 
(or sulfur) atom in the heterocyclic system (see table 18) 

2-Sulfamlanddothiodiazole, while practically inactive against strep- 
tococci, was active against pneumococci (159). This is the reverse of usual 

fi-ndingg . 

(6) ^Heterocyclicsulfanilamides: JV^nitrogen in the heterocyclic 

system 

Not many derivatives have been made of this type, and they appear to 
be of low activity (see table 19). 

(JEi) Acyl siibstituents 

This series of derivatives has been well explored chemically, with tire 
exception of derivatives of carbonic add, of which only the guanidine 
derivative has been described, and it was only dightly active. 




Ri 

Ri' 

AcnviiT 

SSPJOBllKCB 

^ 1 

H 

± 

(159) 


The series of stra%ht-chain acydic-acyl derivatives is almost complete to 
dghteen carbon atoms (see table 20). The first member, A'^-acetylsul- 
fanilamide, while only moderately active against streptococci, has been 
widely sold outside of this country under the name “Albudd” for use in 
the treatment of gonorrhea. Claims are made that high dosage ctm be 
maintained without as much danger of toxic reactions as accompanies the 
use of sulfanilamide, sulfapyridine, and Uleron. 

According to Henderson (75), 39 per cent of i\P-acetylsuIfanilamide is 
hydrolyzed in the human body to sulfanilamide and part of this is con- 
verted to N^acetylsulfaTiilamide. Examination of the urine shows that 
of the total urinary sulfanilamides, 61 per cent is unchanged iT^icetyl- 
sulfanilamide, 28.8 per cent iV^acetylsulfanilamide, and 10.2 per cent 
sulfanilamide. 

The higher members of the straight-chain series app^mtly go through 
peak activity in iV^butyrylsulfanilamide and NModecanoylsulfanilamide 
(56). To obtain adequate absorption of the long-chain compounds, it was 
foxmd necessary to administer them with oils or fats. Sulfanilamide itself 
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is also better absorbed when given with oils. When jV^-butyrylsulfanil- 
amide and iV^-dodecanoylsulfanilamide are administered with oil and com- 
pared with sulfanilamide in oil for antistreptococcic effect, they are about 

TABLE 19 


N^--Heterocycli<mdfanilamides: N^-mtrogm in the heterocyclic system 


-NO 

ACraVUTT 

BBFBBIDNCXS 

1 V- 

ch,ch/ 


(88) 

HjC< >N- 

db 

(68, 70, 86, 87, 88) 

1 

OH,CH,CHa 

1 y^- 

CHjCHsiGH/ 

0 

(179) 

.CHaCHi. 

0< 

db 

(2, 42, 121) 

1 11 

+ 

(1S9) 

HrfJ CXH, 



-OHjCHi 
— N< 

0 

(33, 98, 127) 

/GHaCHa. 

>NCOOCaHa 

^CHaCHa^ 


(98) 

OHaCHa,^^ ^ 

>NSOa< >NH8 

^GHaCHa^ ^ ^ 

i 

(98) 


equal on an equal weiglit dosage, but definitely superior on an equi- 
moleeular dosage. This is of interest, since blood studies indicate that 
these compounds are largely hydrolyzed to sulfanilamide d uring some 
stage of absorption. However, no breakdown could be detected in the 
intestine. 
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The marked drop in activity between the straight-chain and branched- 
chain derivatives, e.g., JV^butyrylsulfanilamide and JV'-isobutyrylsul- 
fanilamide, is curious if activities can be explained on the basis of hydrolyas 
to sulfanilamide. More work is evidently needed to settle such questions. 

TABLE 20 


N^Acydic-^tcylsvlfanilamides 


El 

El' 

ACnVlTT 

BBFBBBSrCBS 

CH,CO— 

H* 

+ 

(38, 47, 56) 

CHjCO— 

Na- 


(38) 

CH,CO— 

NH^ 


(38) 

CHsCO— 

-NH,(C.H.)8 


(38) 

CHaCHaCO— 

H 

++ 

(38, 55) 

CB[,(CH.)sC(>- 

H 

+++ 

(38, 55) 

(CH,),CHCO- 

H 

=fc 

(38, 64) 

CHaCCHOaCO- 

H 

++ 

(42, 66) 

(CH,),CHCHjCO— 

H 

d= 

(38,64) 

(C»H,)sCHOO— 

H 


(38) 

CHa(CHa)4CO— 

H 

+ 

(38, 55) 

CH,(CH,)5C0— 

H 

+ 

(38, 55) 

CH,(CHa),CH(CjH,)CO— 

H 


(38) 

CH,(CHs).00— 

H 

++ 

(38, 55) 

CH,(CH,)8C0- 

H 

++ 

(38,55) 

CH,(CHi).CO- 

H 

++ 

(38, 55) 

CH,(CH,)i«CO— 

H 

+++ 

(38, 55) 

OH,(CH>)ioCO— 

Ag— 


(38) 

OH,(OH,)ioC(>- 

}Hg- 


(38) 

CH,(CHOxoCO— 

§Ca~ 


(38) 

CH,(CHi),»CO— 

CHa- 


(38) 

CH,(CH,)uCO— 

H 

++ 

(38, 55) 

CH,(CH,)i4CO- 

H 

+ 

(42,64) 

CH,(OH0ieCO- 

H 

+ 

(38,66) 

C!H,(CH,)jCH=CH(CH8)tCO— 

H 


(38). 


• Albucid. 


The reported activity of iV^odecanoylsulfanilamide (38) against experi- 
mental tuberculous in guinea pigs has not been substantiated by clinical 
studies. 

The iyp-aracylsulfanilamides (see table 21) again show surprising dif- 
ferences in activities. 

In the Ar^heteroeydic-acylsulfanilamides (table 22), it is remarkable 
that JV^nicotinylsulfanilamide is inactive (54), while iV^nicotinylsulfanil- 
amide (see III, E (4)) is said to be highly active (43). 
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TABLE 21 


li^Isoeyelie-a^lmlfanilamides 


Ri 

Ri' 

ACnVITT 

B3DFBBXNC1DS 

CH-=CH 

1 )>C(CHi)aCO- 

CHr-CH, 1 

H 

++ 

(38) 

H 




H,c<r XSHCa- 

H 

++ 

(38) 

OJB[,CO— 

H 


(38, 54) 

Cja,CH,CH,CO- 

H 

++ 

(38, 54) 

C«H,CH— CHCO- 

H 

++ 

(38,64) 

CJE,CH— CHCO— 

Na— 

++ 

(38, 54) 

(0(a)*cHco— 

H 


(38, 64) 

4r(NO0CeH«CO— 

H 

0 

(38, 54) 

Gja,CH(0H)C!0- 

H 

0 

(38,64) 

2-(HO)C»H4CO- 

H 

++ 

(127) 

8-Ha-2-CioHrf)0- 

H 


(38) 

4-(HOOC)CeH4CO— 

H 


(38, 54) 

4-(NH»)C.H:4C0— 

H 


(38) 

4r(NH,)C.H4SO*NHCO(CH0tCO- 

H 


(38) 


TABLE 22 

N^HeterocydiC'<i,cyUulfanilami^ 

Ri Ri' 


Cr 


(38) 

(38, 54) 


(38,64) 
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(F) N^Stdfonyl subsHiuenis 

The iV^acychcsulfonylsulfanilamides (table 23) appear to be com- 
pletely inactive, as are the iV^eyeloalkanesulfonylsulfanilamides. Wide 
discrepancies are shovm for activities of disulfanUamide (not to be con- 
fused with JV^^ulfanilylsulfanilamide, which was first misnamed disul- 
fanilamide) and its iV^alkyl derivatives. Free disulfanilamide appears 
not to be absorbed when given per os and. first results were reported for 
parenteral administration. Sodium disulfanilamide, on the other hand, 
is rapidly absorbed and eliminated. The early reports of effectiveness by 
Climenko (36) have not been confirmed by Feinstone, using a more v^or- 
ous test which tends to favor compounds giving sustained blood levels (54). 


TABLE 23 

l^AUcaneavlfonyUidfamlamides 



Ri' 

▲CXI V ITT 

RBFSBBNCBS 

CH,CHsSO»— 

H 

0 

mKM 

CH,(CH,)»SOr- 

H 

0, ± 


CH,(CH,),SOr- 

Na-* 

0 

(42) 

CH,(CH*)«SOr- 

H 

o,=fc 

(41, 174) 

CH,(CH,)4SOr- 

Na— 

0 

(42) 

CH,(CH,)sCH(CJE,)CH,SO,— 

H 


(41) 

CH,(CH,)uSOr- 

H 

0 

(41) 


The reported moderate effectiveness of sodium disulfanilamide in e^eri- 
mental infiuenza virus infections (36) was not duplicated with sufifident 
regularity to be significant. 

The I'^isoeyclic-sulfonyl derivatives are listed in table 24. No 
heterocycUc-sidfonylsulfanilamides have bem prepared. 

m. iV^UBSTETOTHD STJLFANILAUIDHS 

Unless the substituting ^up in the N^podtion is hydrolyzed, reduced, 
or otherwise removed in vivo, it appears that tiie derivative will have 
little, if any, activity. That such processes do occur has been amply 
demonstrated by the finding of a diazotizable amine m the blood after 
feedii^ 4-nitro-, hydroxylamino-, azo-, iV^cyl-, anil and reduced imil, 
alddiyde-bisuMte, and alddiyde-sulfoxalate sulfanilamides, and by the 
isolation of sulfanilamide from the urine of animals so treated. It has 
not been proved that the activities of these compounds are entirely the 
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result of cleavage ■with liberation of sulfanilaniide, but there is much which 
points to such a mechanism. It is quite possible that the superior proper- 

TABLE 24 


N^socyclic~sidfmylsii^anilamide8 



RX' 

ACTIVITT 

BBFSlBBirCSS 

.CHrfJH*. 

)>CHSOj- 

H 

0 

(41, 64) 

^(NO,)C.H4SOr- 

H 


(42) 

C<B.CH^r- 

H 

d= 

(41, 174) 

4-(NO,)CJi4CH*SO»- 

H 


(42) 

4:-(HO)CiHiSO, 

H 

± 

(42) 

yCH,— C=0 




HC^(CH,)^CCH^Or- 

H 

0 

(41, 64) 

XJH,— CH, 




4r (NH3}C«H4S02 — 

H 

+++, +, 0 

(22, 36, 64) 

4-(NHs}CeH4SOs — 

Li— 


(22, 36) 

4r(NH,)C,H4SOr- 

Na— 

+++,0 

(22, 36, 64) 

4r(NH,)Cja:4SOr- 

IMg- 

++ 

(22, 36) 

4-(NH0CJE4SOr- 

iOa— 


(^,86) 

4-(NH,)C.H4SOr- 

iBa— 


(22, 36) 

4r.(NH,)CJE[4SOi- 

iCu— 


(22, 36) 

4r(NH,)CiH4SOr- 

JNi— 


(22, 36) 

4-(NH0G,H:4SOr- 

Ag— 


(22, 36) 

4-(NH,)CJE4SOr- 

JPb- 


(22, 36) 

4r(NH,)CJE430r- 

JHg- 


(22, 36) 

4-(NH,)CJS4SOr- 

iZn- 


(22, 36) 

4-{NH,)C.H4S0,- 

NH«- 


(22, 36) 

4r{3m,)CJE«SOr- 



(22, 36) 

4^CNHOCJi4SOr- 

CeHiiNBE*— 


(22,36) 


(HOCH,CH*),NH— 


(22,36) 

4-CNH,)C,BJ30r- 

CHf — 

+++,0 

(22, 36, 64) 

4-(NH*)CiB4SO»- 

c&- 

+++, 0 

(22, 36, 64) 

4-(NH,)C*H«SOr- 

CiiHm — 

0 

(42, 64) 

4-(NH5^Cja4CH,SOr- 

H 


(42) 


ties churned for certain derivatives of this type are a result of slow cleavage 
with prolonged maintenance of therapeutic blood levels of sulfanilamide, 
or whatever active form may be derived in vivo from sulfanilamide. 
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(A) Inorganic substituents 

4r-Hydroxylammobenzeiiesulfonainide (iV^hydroxysulfanilamide) (see 
table 25) was prepared by Mayer and Oechslin (134), who stated that it 
was one hundred times as active in vitro as sulfanilamide and suggested 
that the activity of sulfanilamide might be the result of an in vivo oxidation 
to the hydroxylamine. 

Bratton, White, and Marshall (16) have more fully described the prep- 
aration and properties of the compound, and state that it is not more than 
ten times as active in vitro. WThen injected into dogs, it appeared to be 
completely converted to sulfanilamide within 5 min. 


TABLE 25 

JSulfanilamides containing inorganic substituents in the N^position 


R* 

R4' 

ACXrVlTT 

BBFBBBNCBB 

HO — 

H 

++, + 

(16, 1S4, 162) 

NHa— 

H 

0 

(20, 134) 

H 5 O 2 P— 

H 

db 

(179) 


Much current research on the mechanism of the action of sulfanilamide 
has centered on this compound. The subject is hi^y controveiml and 
the author does not feel qualified to review the work critically. 

(B) Acyclic siibsHtuerds 

With the exception of the jV*-foimaldehyde-bisulfite, JV*-formaldehyde- 
sulfoxalate, and JV^glucose-bisulfite derivatives, all of which are probably 
hydrolyzed to sulfanilamide in vim, these derivatives have little or no 
activity (see table 26). 


(0) Isocyclic sid)stituents 

The only true JV^arylsulfanilamides were reported without phanna- 
cological data. Most of the other derivatives (see table 27) have been 
obtained by the reduction of the corresponding anils. With the exception 
of JV'^(4'-nitrobaizyl)sulfanilamide, these are of relatively low activity and 
apparently owe their activity to cleavage to sulfanilamide in vivo (144). 
The hi^ activity reported for the 4 -nitrobenzyl derivative is difihcult to 
explain on this basis. Possibly it gives a double aotitm on cleavage, ainoe 
Rosenthal (197) has reported activity for p-nitiotoluene and p-nitrobenzme 
acid. Further investigations of the products present in the blood stream 
may ^ed li^t on this anomaly and will be awaited with interest. 
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TABLE 26 

N*-Acydie8ulfanilamides 




R4 


ACIIYITT 

BWBBBNCXS 

CHr- 

H 

+ 

(120) 

CsHu — 

H 

db 

(32) 

HOCH 2 CH 1 - 

H 

±, - 

(156, 179) 

H0CH2(CH0H)4CH2- 

H 


(62) 

HOOCCHf- 

H 


(27, 62, 67, 89, 96, 96, 156, 181) 

HOOCCHs— 

ON— 

rb 

(67) 

NHaOCCHs- 

H 


(89, 181, 184) 

CaHsOOCCHj- 

H 


(89) 

HOOCCHjCHff- 

H 

+ 

(166) 

HOOC(CH,)CH— 

H 


(62) 

HOOCCHa(HOOC)CH— 

H 


(52) 

NaOaSCHr- 

H 

++,+ 

(10, 87, 89, 96, 121, 163) 

NaOaSCHj— 

H 

++ 

(67, 67, 96, 173) 

1 

HOCH,(CHOH) 4 CHSO*Na 

H 

+++ 

(178) 


TABLE 27 


N^Isocyclicsidfanilamidea 


R« 

R*' 

ACXXVZIT 

BSFSBIIBCBS 

CeH*- 

H 


(90) 

CeHsCHr- 

H* 

+ 

(67, 70, 72, 136, 
163, 172, 188) 

4-(NOa)CeH4CH,- 

H 

+++ 

(77, 136, 162, 178) 

C.H.(CH,).- 

H 


(90) 

2-<HO)CeH4CH2- 

H 

=b 

(67, 90) 

4.{HO)Cja[4GHr- 

H 

db 

(67, 90) 

2,4r(HO),C.H,CHr- 

H 

=b 

(67) 

2,4,6-(HO),CiH2C!Hi- 

H 

=b 

(67) 

3-Ca-4r(HOOC)CJE»- 

H 


(7) 

3-(NaO,S)CeH«CHr- 

H 


(172) 

CJH,(NaO,S)CH— 

H 


(173) 

C.H,CH,(NaO,S)CH— 

H 


(173) 

(mCH(SO.Na)CH,(NaOiS)CH— 

Ht 

+ i 

(173, 188) 

A-(NH,)C,aCH,- 

H 


(77) 

4-I(CH,)iNHIC.H4CHr- 

H 


(77) 

c^Hjra— 

H 1 


(91) 

4-(NH,SO,)Cja4NH— 

H 

0 

(134) 


* Septazine. t Soluseptazine. 
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(Z>) Heterocyclic svbsUUients (see tables 28 and 29) 

These compounds appeax to be inactive (with the exception of N*-<xr 
bromotetronylsulfanilamide, which behaves as an iV^acylsulfanilamide 
and is probably cleaved in vivo). This supports the hypothesis of the 

TABLE 28 

N^Heterocyelicsulfamlamides; N*-mtrogen not in the heterocyclic system 

R*' 

/^\ 

0— C CH, H ++ (105) 

I I 

BrO—C- 

H (69) 
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necessity of a potentially free amino group in sulfanilamide derivatives, 
since the probability of cleavage at such a linkage is remote. The acridine 
derivatives were synthesized for probable use against malaria, but with 
what success is not known. 


TABLE 29 

N^HeUrocyclicsulfanilamidea: N^itrogen in the heterocyclic system 

Cn< V),nh, 




(99) 


(1) 

OH.-m 

1 >N- 

s — c 

(1) 

ira 



(E) Acyl sub^Uimts 

(1) N* substitueiits derived from carbonic add 

The sulfanilamides containing, in the JV*-position, groups derived from 
carbonic add (see table 30) do not appear to be active, with the exception 
^ the g^i^dine dmvative (19), which is said to be equal to sulfanilajnide 
m activity and toxidty. It has not b^n disclosed whether this compound 
ta cleaved to sulfanilamide on absorption, but it is of interest that it 
siKjuld be active while the corresponding urea derivative is inactive. 
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(2) iV^AcycUciaeylsuKaiiilamides (see table 31) 

^^Acetylsulfamlamide is the conjugated form of sulfanilamide pro- 
duced in vivo by the administration of sulfanilamide. It has little or no 
activity. Ockerblad and Carlson (197) have diown that a small amount 
of sulfa nilam ide is present in the blood of dogs fed lV*'-acetylsulfanilamide, 
thus indicating that conjugation is a reversible process. Some of the 
higher straight-chain acyl derivatives show appreciable activity. The 
activity passes throv^h a maximum for JM^-valeryl- and A^^-caproyl-sulf anil- 
amides (143). This activity is probably the result of hydrolysis to sul- 
fanilamide. As in the IV^-acyl series, the corresponding branched chain 

TABLE 30 


Sulfanilamides containing N* auistiiuenia derived from carbonic add 


a* 

R4' 

ACriYXTT 

bssfsbencss 

C 2 H 5 OCO- 

H 

+ 

(2, 61, 90, 181) 

C 12 H 25 OCO— 

H 


(123) 

(ch,)j:t(ci)chjCHjOco- 

H 


(3) 

NHaCO- 

H 

0 

(34, 90, 100, 112) 

CH,CONHCO- 

H 

0 

(34) 

4-(NHjSO,)CeH4NHCO— 

H 


(61, 79, 181, 186) 

NH,C(— NH)— 

H 

++ 

(19) 

NH,0(-S)- 

H 

— 

(179) 

CHi=CHCH,NHC(=S)— 

H 


(65) 

4-(NH,S0s)0()H4NH0(=S)— 

H 


(186) 


2\r*-acylsulfanilamides are inactive or nearly so. This is remarkable and 
needs study. 

(3)‘ jy^Isocyclic-acylsulfanilamides (see table 32) 

Aside from three inactive derivatives, nothing on the activities of the 
members of tins series has been published. The lack of activity would 
surest that experimental animals are unable to hydrolyze aracylamine 
linkages. 

(4) JV^-Heterocyclic-acylsulfanUamides (see table 33) 

Three of these derivatives, W*-(5-pyrrolidone-2-carbonyl)su]fanilamide, 
iyi-nicotinylBulfanllamide, and the sodium salt of JV^t^iiaoIinylsulfanil- 
amide, are said to be at least as active as sulfanilamide. If the activity 
is the result of cleavage to sulfanilamide, it remains a mystery why N*- 
nicotinylsulfanilamide is cleaved while the isosteric iV'^benzoylsuifanil- 








TABLE 31 

N^-Acyclic’^cylmlfanilamides 

^‘><I>o.nh. 




HCO~ 

CHaCO— 

CHaCO— 

GHaCO— 

CHaCHjCO— 

CHa(CH2)aC<>-" 

(CH,)2CHC0— 

CHa(CH2)aCO— 

(CH 3 ) 2 CHCH 2 C 0 — 

OH,(OH 2 ) 4 CO- 

(CHa)2CHCH2CH2CO— 

CH,(CHa)aCO— 

CHa(CH*)«CO— 

CHs(GH2)8CO— 

CHa(CH2)ioGO— 

GHa(GH3)i2GO— 

GH,{GH2)i4CO- 

GHa(GH2)iaGO- 

CHa(GH2)2oGO— 

GHaGH*=CH(CH2) 7GO— 
CHa(CH 2 )TGH-«GH(CH 2 ) 7 CO— 
cis-GHaCCHa) 7GH?*=GE[ (GB[2)iiGO--~ 
CIGH2CO— 

ClGHaCHaCO— 

(C 2 H 5 ),G(Br)CO- 
HOCH 2 GO — 

CHaGOOGHaCO— 

CHsGHOHGO— 

CH,(GH,COO)GHCO-~ 

GHaOGHaCO— 

CHaOGHaCO— 

CaHaOGHaCO— 

CiHaOGHaCO— 

GHaGOCHaCO— 

HOOC(GH2)aCa— 

NaOOC(GHa)aCO— 

NHaOG(GHa)aGO— 

HOOCGH=GHGO— 

NaOOGGH^CHGO— 

NaOaSGHaCO— 

NHaCHaCO— 

CaHOTCHaCO- 

CyffrNHCHaCa- 

CaHaNHCHaCO— 

(CtH,)aNGHaCO— 

GHi^GHCHaNHCHaGO— 

C^.NHGHaCH,GO— 

C 4 HjraC{GiHa)aCO— 


mm 


BSFSZtJDirCBB 

H 


(61, 181) 

H 


(20, 61, 181) 

HO— 

0 

(16, 162) 

GHj^ 

dz 


H 

+ 

(2, 143) 

H 

+, ± 

(2, 143) 

H 

=1= 

(2, 84, 132) 

H 

++» + 

(2, 84, 121, 143) 

H 

db 

(84, 143) 

H 

++ 

(84, 102, 143) 

H 

0 

(84, 143) 

H 

d= 

(84, 143) 

H 

=1= 

(84, 143) 

H 


(84) 

H 

0 

(84, 143) 

H 


(84) 

H 


(84) 

H 


(84) 

H 


(84) 

H 


(84) 

H 


(84) 

H 


(84) 

H 


(90, 94, 154) 

H 


(90) 

H 


(90) 

H 

0 

(90, 121, 123) 

H 

0 

(121) 

H 

0, + 

(1, 90, 121) 

H 

0 

(1) 

H 


(90) 

GaHfi — 


(90) 

H 


(90) 

H 


(90) 

H 


(90) 

H 1 


(24, 111, 148, 153, 165) 

H 

0 

(121) 

H 

0 

(1) 

H 


(143) 

H 

0 

(121) 

H 

Q 

(161, 178) 

H 


(90, 134, 154) 

H 


(90) 

H 


(90) 

H 


(90) 

H 


I (90) 

H 


(90) 

H 


(90) 

H 


(90) 
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amide, iV'Muroylsulfamlamide, and ■AT^-thegoylsaifaiiilaTnides are not 
cleaved, but perhaps the latter three owe their lack of activity to lack of 
absorption. 


{F) Sidfonyl sidistiiuents (see tables S4, S5, and $6) 

An interesting problem in indexing compounds by the method used 
hereinisposed by t he co mpound designated as JV^ulfanilylsulfanilamide, 
NHa ^ ^ S02NH ^ ^ SOaNHa, and its IP- derivatives. On the basis 
of activity, the parent compound should probably be called JV^(4-sul- 

TABLE 32 


N *-Isoeydic-aeylsv3fanil<mides 





BXmSBVNCBB 

cja,co- 

H 

0 

(143) 

3-(N0»)C(B[4C0- 

H 


(90) 

4-(NO,)CeH4CO- 

H 


(162) 

3,5-(NO»)iCJB,CO- 

H 


(90) 

CeHsCHaCO— 

H 


(84) 

Cja5CH«CHCO- 

H 


(84) 

C.H,CHOHCO- 

H 


(117) 

CJB[.CH(OOCCH,)CO- 

H 


(117) 

06H,0CH,CH,C0- 

H 


(90) 

2 -cicja: 40 CH,CH,co- 

H 


(90) 

2-[(CH,),Caa]-5-(CH0C4HiOCH,CH,CO- 

H 


(90) 

2-(H00C)CJE[4C0— 

H 


(166, 179) 

2-(NaOOC)Cja4CO— 

H 

0 

(121) 

6-NOr-2-(HOOC)CtH,CO— 

H 


(165) 

4,6-(NOs)r-2-(HOOC)Ci®2CO- 

H 


(166) 

8-(NH,)C»H4C0- 

H 


(90) 

3,6-CNH,)*C«H,CO- 

H 


(90) 

1-(NH,S0,)CJB[4-4-NHC0CHjC0— 

H 


(123) 

1-(NHSOOC.®[4-4-NHCOC(CiH.)jCO- 

H 


(123) 


famylphenyl)sulfanilamide, since it is behaving like an iV^HSubstituted 
rather than as an JV^HSubstituted sulfanilamide. However, the nomenclar 
tore is so confused on this compound now that it would be inadvisable to 
complicate the rituation further. 

In substantiation of the statanent that this is really an AT^bstituted 
derivative, note that all the A^*-sulfonylsulfanilamid^ are inactive except 
where the group is AT^-sulfanilyl or AT^metanilyl, and the latter has prac- 
tically no activity, as have most derivatives of TnetanUamide. On the 
other hand, substituted AT’-phenylsulfanilamides frequently show activity. 
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Note also that iV^-suIfanilylmetaiiiUmi (correctly classed as an iV^-sub- 
stituted sulfanilaroide; see II (C) (4)) has more activity than JNT^inetanilyl- 
sulfanilamide. This was predicted before synthesis, since the first com- 

TABLE 33 

N*~Heterocyclic^iicyl8ulfanilamide8 


®;>n<3soot. 


E* 

BA* 

ACIXYITY 

BBFBBnirCBS 

Cr 

H 

=t= 

(102) 

Cr 

H 

db 

(102) 

0 . 

H 

+++ 

(43, 102, 167) 

CH,CO— 

1 




H. 

H 


(90) 

a CH,co— 

\/ 

0 

H 


(90) 

Cl CHaCH»CO~ 

\/ 

0 

H 


(90) 


H 


(90) 


H 


(8) 






TABLE Zi-Condvded 





E* 

R*' 

ACTIVITY 

SBFBBaNCBS 

CH,SOy- 

H 

0, - 

(174, 179) 

CjasSOar- 

H 

0 

(174) 

OH,(CH,)iSOi- 

H 

0, " 

(174, 179) 

CH,(CH,)«SOr- 

H 

0 

(174) 

CH,(CH,),SO*- 

H 

0 

(174) 

CH,(CH,)mSO^ 

H i 

0 

(174) 


TABLE 35 


N*^l80cyclie^ulfonyl8tdfanila7mde8 

b!><[3so.nh. 


R* 

R*' 

ACTAvrrr 

BBFBBBNCBS 

CeHsSOs — 

H 

0 

(174) 

3-(NOi,)CJB[4SO,— 

H 


(90) 

4-(N02)C6H4S0,— 

H 


(90) 

CJHsOCHjOHaSO,— 

H 


(90) 

2.GH.O-5-(OH8)C«H,OCH2CH2CHaSOa— 

H 


(90) 

3,4-(CH,0)2C«H*S0»- 

H 


(90) 

3-(HOOO)0(ja4SOi- 

H 


(166) 

3-(NH,)C<ftSO*— 

H 

zfc 

(37, 90) 

4-(NH»)Cja«80r- 

H* 

+++,+ 

(6, 9, 11, 64, 70, 
90, 121, 164) 

4-[4'-(NH,)C.H,SO»NH10JE4SOr- 

H 

++ 

(9, 11, 37, 90) 

(9, 37, 90) 

4-[4'-(CH,C0NH)C(JB[4S0*NH10(B[4S0*- ! 

H 


H(CH.)aNlCja4SO^ 

H 


(90) 

4-(CH,OONH)Oja4SOr- 

H 

db 

(90, 131) 


H 

0 

(174) 

4-(NH^O,)C.H4NEBOi- 

H 


(186) 


* Diseptyl C, Disulon. 
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pound is behaving as an iV^-substituted sulfanilamide and the second as an 
fV^-substituted metanilamide. 


TABLE 36 

N *-Seierocydie-sulf(mylmlifanilanddes 




R4 

R4' 

ACUIVITT 

BSFBB- 

BNOBS 

t) 

SOr- 

H 




)bo,- 

H 


(160) 

”(X 

H 


(140) 

\ 

XL 

H 

1 

(00) 

CJH»J 


H 


(44) 


Cl 





Tri 




CHsol 

sAaJso*- 

H 


(44) 


NH(CH,)4N(0,H,), 

/\yNv /\ 




CH#0 

CpCu 

H 


(44) 


NHCH(CHi^(CH,)JN(CjH.), 





S.ec6iit opinions on the effectiveness of -AT^-s ulf ajiily la nlf fl.Tii 1 a.Tni A a ( 54 , 
121) are that it is much less effective than was first believed against 
streptococci. It was inactive against pneumococci, but showed some 
activity against staphylococci. 
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The drug is used for treatment of gonorrhea, particularly in Europe, but 
has not gone beyond the clinical stage in this country, probably because of 
a few cases of peripheral neuritis reported as accompanying its use. The 
compound is consdderably less soluble than sulfanilamide and is not as well 
absorbed. 


(G) AnUs iSeJdff bases) 

The anils or Scihiff bases derived from suHanilamide have all been active 
(see tables 37 and 38). This is almost certain to be the result of break- 

TABLE 37 

Acydic anUs of sulfanilamide 


(a) iV^-Alkylidenesulfaiulamides: ^ OaiNHt 


R4 

▲CnVTTT 


CHi- 

+ 

(173, 193) 

Sugar derivatives*: 



Xylose 


(141) 

Glucose 

+ 

(19, 52, 104, 184) 

Galactose 


(141) 

Tetraacetylgalactose 


(141) 

Lactose 


(141) 

Mannose 


(104) 

Arabinose 


(104) 

Maltose 

++ 

(191) 

HOOCCH— 


(26) 

CH»(H00C)O» 


(26) 


(b) iyVAlhyIidene-6is-sulfanilanude8: 


R4 

ACXETXTT 

BSFBEBNCBB 

CH,(CH,).CH= 


(60) 

CH,(CH*)tCH— 


(50) 

C!H,(CH,)iCH= 


(50) 


* Sugar derivatives are classiGed here, idtliough they are probably not anils but 
^ucosMes (see 104, 141). 


down to sulfanilamide on absorption, tince the compounds are not espe- 
cially stable chemically and thdr more stable reduction products are known 
to undergo cleavage (144). Small differences in activity may be esplamed 
by the results of different observers and of difference in absorption. 

Apparent exceptions are cases where tire links^e is directly to a hetero- 
cyclic ring (see table 39). However, these derivative are not true anils. 
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TABLE 38 

Isocyclic anils of sulfanilamide: N^-aralkylidenesulfanilamides 


BW]sr< ^^ ^ OgNH, 


R« 

▲CTTVITY’ 

BBFBBBKrCBS 

CJHsCH— 

++ 

(67, 102, 172) 

3-(NO,)CiH4CH=- 

+ 

(70) 

4.(N03)C6H4CH« 

++ 

(26) 

6-NOir3-(HO)C6H,CH— 

+ 

(70) 

C«H5CH«CHCH=« 

+ + + 

(70, 102) 

cja:,CH-CHCH= (-hoi) 


(169) 

C«H,CH=C(OJEu)CH— 


(123) 

2-(H0)0JS40H-= 

+ + 

(67, 165, 172) 

4-(HO)CiiH4CH= 

+++ 

(67, 172, 178) 

4r(CH,0)C,H40H— 

++, + 

(70, 101, 102) 

4-H0-3-(CH,0)Cja[,CH= 

+ 

(156) 

3,4r(CH,0)»C«H,CH-= 

+ . 

(70) 

3,^(C,H,O),0jatCH= 

+ 

(70) 

2-(H000)C.H4CH= 

++ 

(19) 

3-(H00C)C*H4CH-. 


(106) 

4-(CH,)JWC.H4CH= 

++ 

(70, 77, 101, 102) 

2,4-(HO),OiH,CH= 

++, + 

(67, 166) 

2,4,6-{HO),Cja»CH= 

++ 

(67) 


TABLE 39 

Heterocyclic anils of sulfanilamide 
R*-=N<( 


R< 


HC OH— C3H- 



/S\ 

ao 0— 
I I 
00 NH 


/®\ 

H,C 0=> 


+ (70) 

+ (70) 

( 121 ) 


00 NH 


( 121 ) 
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dace they mi^t equally weU be written in tautomeric fonn, as in the 
pair: 

A A 

HjC (>=N<( ^SOalSrH ?± HO CNH<( 

oi- -ira H0(5 

Since the reference gave the first formula, the compound has been indexed 
as an anil. Possibly it might better be classed as an iV^heterocydic- 
sulfaailatDide. 

(H) Azo derivatives 

While by no means proved, it is nevertheless very likely that the thera- 
peutic properties of the azo dyes derived from sulfanilamide are primarily 
the therapeutic properties of sulfanilamide itself, which- has resulted from 
cleavage of the azo linkage m vivo. The early work of the TrefouSls, 
Nitti, rmd Bovet (180) called attention to the fact that the azo compounds 
were not active in vitro, but showed activity in vivo for a wide variety of 
dyes as long as the sulfanilamide part of the molecule was not varied in 
structure, but when this was changed by replacing the sulfonamide group, 
the activity was lost. This indicated to them that sulfanilamide was the 
active form and led to discovery of its therapeutic properties. Later, 
Fuller (63) was able to isolate sulfanilamide from the urine of patients 
treated with Prontosil. 

It seems probable that lack of absorption or resistance to cleavage will 
account for most inactive azo dyes derived from sulfanilamide. 

The azo derivatives are taken up in the following order: (1) acyclic; 


R* 

CH#CO(HOpC)CB[~ 


ACIZTECT 


BXfllBllNOB 



(2) isocydic, including azo derivatives of benzene (table 40), azo d^vatives 
of naphthalene (table 41), and miscellaneous derivatives (table 42); (3) 
het^ocydic, induding azo derivatives of pyridine (table 43), azo deriva- 
tives of quinoline (table 44), and miscellaneous derivatives (table 45). 


IV. OTCILEABjiV^UBSTmmBD BXmFANILAMIDBS 

No pharmacolo^cal data are available on these compormds. The com- 
pounds that have been syntheazed are listed in table 46. 








•ABLE 40 

imiivea oj aulfanilarm 
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i 8" 



+ 4-+-H -H 


-H + + + + + + + -H + + 
+ 



^ o W 

L Irl^^ 
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am 

g§iB 


w w wwww 


MMMMn lUnHniitMM 





NH,SOr- (167. 176) 
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TABLE 41 

derivatives of sulfanilamide and naphthalene 
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TABLE 42 

Azo derivatives of sidfanilamide and miscellaneous isocycUc compounds 


HO SOJE’ 

^N«=N< ( y CO 
NH— 

HO soja' 

^ o— NH 

NH— 


HO,s/YVn-YY^^ 

NH^.<^ ^N-nI^ X ) ° LaJn-=N<( ^SOjm, 

HO OH 


( 88 ) 


( 88 ) 


( 88 ) 


NH,SOii<( )>N— nI^ J X. Jn=-N<[^ ^0,NH, 

HO OH 

NHaSO«<^^ )>N=nI^ Js^ J X Jn=-N<(^ ^SOiNH, 

HO OH 

NH.SO.<^ >N=NV A ) NH \ A Jn-N<^ )>S0 JSm, 

HO OH 


( 88 ) 


( 88 ) 


( 88 ) 


TABLE 43 

Axo darivativet of atilfanilamide and pyridine 




















TABLE 44 

Azti derivaUves of Bvlfanilamide and quinoline 
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TABLE 45 

Azo derioaHvea of tvifanilamide and miseeUaneotu heterocyclic eomjmmda 


RN—NC^^ 


E 

AcnvnT 

BXFBBBNCBS 

1 1 

HC CH 

++ 

(161) 

(Yy 

0- 

++ 

(161) 

H 

rV^NjcH. 

ULji- 

0 

(161) 

CH, OSOjCH, 

0 

(188) 

«<co 

1 

(87) 

nhCO 


(87) 



(99) 



(99) 

.CHiCHt V 

HOCH.C!H,N<( >N< >- 

CH,OH,' 


(99) 
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TABLE 4Ja-ContimttA 


R 

AOUmST 


\saffs{ ^ — 


(99) 

/m^ys.%. . — . 

HooccBWiK^ )>N<r y- 

CHjCH/ — 


(99) 

OHaOHs 


(99) 

OH 

NH<^^ 

OH 

NH<^| ^0»H 


(88) 

S C-<' ^NH, 

HO^-li 

HO 


(88) 

CH 

y\ 

N NH 





(88) 

^^NH<f3sO.H 

CHiC^ 

OH 


(88) 



(88) 

SB, 







TABLE — Ccnt^udBdt 


B 

AiOX'lVl'X'T 


HN—OO 



1 I / 

oc o< 


(148) 

1 



HN— CO 



CHsN— CO 



1 1 

OC C— NH 

++ 

(137) 

CHJSr— O— 



HN— CO 



1 1 

oc C— NCHe 

++ 

(137) 

1 11 >c- 

CHsN— C— N^ 



HC— NH 




++ 

(182) 

1 

CHaCHNHaCOOH 



Dihydrocupreine 

=b 

(20, 74) 

Diliydrocupreidine 

=b 

(20) 

Apoquinine 

db 

(20) 

Isoapoquinine 

sb 

(20). 

Casein 

+ 

(178) 

Antipneumooooous serum 


(182) 


TABLE 46 

Nuclear^ N'^s’i^Biitvted sulfanilamideB 
R* Ra 

HJT< >SCW<^., 

R* Re 


Ri 


-By 

Ba 

Bf 

Be 

Be 

jkCn'iv- 

wr 


A, iV^-Inorganio substituents 


No examples 


B. N*-Acyclic substituents 


CHr- 

HOCHaCH*— 

H 

H 

B 

H 

CH,0— 

H 

1 ^ 

H 

1 H 

■ 

(80) 

(86) 

C* N^IsooycUc subsidtuents 

CiH*— 

1 H 

NH*— 

H 

NH*SO*— 

H 

WjtjM 

<126) 

CeHe— 

H 

NH* — 

H 

CeHeNHSOa— 

H 


(126) 

C»Hr- 

H 

H 

CeHeNHSO*— 

CeHeNHSO*— 

H 


(86) 

(CH,),C«He— 

H 

H . 

d— 

H 

H 


(12) 

B. N^Heterocyclic substituents 

Cr 

H 

H 

NO»— 

H 

H 

■ 

(88) 


138 
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V. NtTCa^EABji^^XTBSOrnOTa) StJLFANILAMIDIiS 

Of the few compounds in this group that have been studied, all have 
been found inactive (see table 47). 

VI. A^,fV<-STJBSTITTITBD SUM’ANILAMIDBS 

In these derivatives, the compounds having a potentially free iV^amino 
group have activities comparable with the corresponding iV^-subslituted 
sulfanilamide. Where the amino group is blocked by a substituent such 
as alkyl, aryl, or sulfonyl, the compounds are inactive. 

(^) N*-Inorganio-N^'-substiiuted svlfmikmiies 


>O^C 





Ri' 

AOTIVITT 

BXFBBSKCX 

HQ- 

H 


H 


( 160 ) 


(B, (7, B) N*-Acydi<y, N*-isocydio-, and N*~hMero<^di<>N^-sid)dit!uted 

sulfandamides 

No data on activity are available for most of the derivatives noade 
(see tables 48, 49, and 50). The formaldehyde-sulfoxalate and formalde- 
hyde-bisulfite derivatives of sulfapyridine and sulfathiazole have the activ- 
ities of the parent compounds against both streptococci and pneumococci. 
Undoubtedly, they break down to the parent substances in vivo, 

(E) N*-‘AcyJrN^-8ubstit/uted sv^mdoamdes 

This very lai^e group of compounds covers practically all the iW-substi- 
tuted sulfanilamide derivatives of Class II, because of the fact that the 
JV'^-acetyl derivatives are intermediates in eynth^s. Comparatively few 
J\r^-aeetyl-iV’‘-substituted sulfanilamides have been studied, since the early 
work ^owed them to be much less active than the deacetylated products. 

A number of longer chain iV^*-aeyl-,^‘-substituted sulfanilamides have 
been made, but these are thou^t to be intrinacally no more active tlmn 
the deacylated products. Substantial evidence for this belief is lacking. 
The proof would involve first the demonstration of free amine m vivo, 
and second, a comparison of S.B.C.tD’s measured against controls in wUch 
the blood level distribution was duplicated by administration of the free 
a m i ne . The results of such experiments will be awaited witii interest. 
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CH,CO— H H Br— Br— H (167) 

CH,CO- H H I- H H (167) 

CH,CO- H H I- I- H (167) 

CH,CO- H H NO*- H H (66, 97, 181) 

CH,CO— H HO— H H HO (181) 
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TABLB 47— (/OncJtwtecJ 
E, AT^-Acyl substituents 
(4) JV<-Aoyclic-aoylsulfanilatoides 


m 


B. H. KOBTH^ 


1 

s s s s 









§,ES 




1 







s 

t 


HHM 





LiaBS^iig 


— 0*H0 
— O'HO 
— 0*H0 



a 

1 

1 

o 

s 

L 

5 

I 

•43 

1 

SB 

nnni 

. 

§ 

pd 

’S 

S ^ 

1 1 
fc* GQ 

1 ‘*A‘« 
Idlja 

1 i 

s 


1 

te: 


d 

§ 

% 


|■|||■|||||||■H 





1 

h 



»MID 



3 

1 

te: 

H 








km 

^ t* 1* 1* •• 


1 





g.g.BgB 






Mmm 

glls'iis'Si 

8ll@‘g'ggg§ 


L 

m 

g§l 

4i 



1 


(m) H H —I H — 









2.4- (NH,)*C,Hr- H NHiSOi 

2.4- (NH,),CJBr~ OH, H 
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TABLE 48 


N**AcycUo>N^substituted mlfanilamidea 

>o<. 


R4 

R4' 

Ri 


Bi 

mm 

BBFUBSirCSS 

CHr- 

H 

CHiCHOHCHr- 

H 


(2) 

CHr- 

CHr- 

car- 

H 


(56) 

CHr- 

H 

CHr- 

CHr- 


(89) 

CMr- 

CHr- 

^(HOOC)C(H«- 

H 


(91) 

CH,- 

H 

4-(NH,)Ca4- 

f'^V 

H 


(76) 

CHr- 

H 

(X 

H 


(132) 

CHr- 

CHa — 

Cr 

H 


(132) 

CHr- 

CHr- 

cr 

CHr- 


(132) 

CH,CHa- 

H 

(CH,),COHCHr- 

H 

0 

(2) 

NaOsSCHj- 

H 

CH,(CH,)icCO- 

H 


(38) 

NaOjSCHjr- 

H 

NaOiSCHr- 

H 


(26, 96) 

NaOsSCHs — 

H 

cr 

H 

++ 

(96) 

NaOiSCHr- 

H 

HC 0- 

II 1 

HC 

H 

++ 

(123, 161) 

NaOaSCHr- 

H 

cr 

H 

++ 

(96) 

NaO,SCHs- 

H 

4-(NH^0,)Ca«- 

H 


(184) 

NaOjSCHaCHOHCHr- 

CH^ 

CH( — 

CHr- 


(89) 


Table 51 includes all of the iV^aeetyl-iV^-substituted sulfanilamides, 
with the latter substituents taken up in the following order: (a) inorganic 
substituents; (b) acyclic substituents; (c) isocyclic substituents { 1 ) 
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CJffsn-i to (J?) 03£y or oxo, (S) carboxy, ( 4 ) sulfo, (5) amino; 

(d) heterocyclic substituents; (e) acyl substituents grouped as (1) carbonic 
add acyl, (Sf) acydic-acyl, (S) isocyclic-aoyl, (.^) heterocyclic-acyl; and 
(f) sulfonyl substituents. Table 52 contains aU of the JV^cyl-iV^-sub- 
stituted sulfanilamides in yrhich the group in the iV^podtion is an acyl 
group other than acetyl. These acyl groups are taken up in the followii^ 
order: (a) acyl groups derived from carbonic add; (b) acydic-acyl groups 
derived from (1) monobadc acids and (S) dibasic adds; (c) isocyclio-acyl 
groups; (d) heterocyclic-acyl groups. 


TABLE 43 

N*^l8oeydie--N^-whstitiUed mlfanilamides 



R*' 

Ri 

Ri' 

Acnviir 

BEFxa- 

BMCaS 

CJEiCHr- 

H 

HOCHjCH,- 

H 

d= 

(2) 

CJHiCJHr- 

H 

a 

H 


(132) 

2,4r(NO,),CJE^ 

H 

a 

H 


(132) 

4-(CH,0)CJBUCHt- 

H 

CsHb — 

H 

0 

(102) 


(jP) N*^ti^<myl-N^-substitvted sidSamUamdes (see UMe 5S) 

Few derivatives have been studied where the ^^-sulfonyl group is other 
than i\r^-su]fani]yl and in the latter case the compounds ace probably 
bdiaving as iV^-substituted sulfanilamides (see section III F). Uleron, 
which has had widespread use (partieularly in Germany) for treatment of 
gonorrhea, has the disadvanta^ for this use of caudng a hi^ inddence of 
pet^heral neuritis when treatment is suffidently prolonged to be reason- 
ably certain of cure. Its reported ^ectiveness against staphylococcus 
infections (48) has not been confirmed by others (140). 

(G) N*^Aml^IiP'-siAst^uied aidfamlamides {see table S4) 

The J\r<-anils derived from IV'-substituted sulfanilamides retain the 
activities of the parent compounds in most cases. The hi^ activities 
claimed for the iV^^nitrobensylidine derivatives are noteworthy. 















N*-Eeteroeydi<>-N^-mhtilvied ndfmilamidei 
(1) JV*-Nitrogen not in the heteroeyclie eystem 
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TABLE 51 

N*-AcetyUN^-avbgtit'iUed stdfanilamides 
CH,CX)NH^ ]>SO,NH<^ ^ 




Ri' 


ACIXV* 

ITT 


a. iV‘^Acetyl-iV‘^-morgaxdc sulfanilamides 


HO- 

H 

■ 

(114) 

HsN— 

H 

B 

(179) 


b. JV'^Acetyl-iV’^acyclicsulfanilamides 


CHr- 

H 

+ 

(20, 61, 181) 

CjHr^ 

1 H 

+ 

(20, 61, 181) 

CH,(CH,)r- 

H 

db 

(61, 181) 

(CH,),CHCHr- 

H 

± 

(61, 181) 

CHs«CH— CHr- 

i ^ 

d= 

(181) 

CHa— 

CHr- 

+ 

(61, 164, 181) 

C^Hs — 

CJBCr- 

+ 

(61, 70, 181) 

CH,(CH,)i- 

CH,(CH,)r- 

db 

(61, 181) 

HOCHjCHr- 

H— 

0, =fc 

(2, 42, 114, 121) 

HOGHjCHr- 

CH| — 

0 

(42, 121) 

HOCaSjCHr- 

HOCHaCHr- 

0 

(2, 42, 87, 100, 




102) 

HOCH,OH,GHr- 

H 

0 

(2, 85, 114) 

CHiCHOHCHr- 

H 

' =b 

(2, 42, 114) 

HOCH,CH(OH)CHr- 

H 

0 

(2, 114) 

CH,CH{OH)CH,— 

CHiCHOHCHr- 


(42) 

(CH,),COHC!Hr- 

H 

=b 

(2) 

C*H,CH(OH)CHr- 

H 


(114) 

(H0CEW(CH,),0- 

H 


(42) 

(HOCH,),CH— 

H 


ai4) 

(H0C3H,),(CH,)0- 

H 


(42) 

HOC!H,(CHOH)40H,- 

CHr- 

0 

(2) 

HOOCCHr- 

H 

+ 

01, 100, 




102) 

NaOOCCH^ 

H 

0 

021) 

cya,ooccHr- 

H 


(65) 

HOOCCH*OH,(HOOC)C!H— 

H 


(21) 

HOOC(C!H,)CH— 

H 


(136) 

NaOOC(CH,)CH— 

H 

0 

021) 

HO,SCH,CHi- 

H 


m 

(Cja.).NCH^*- I 

H 

0 

(121) 

(C,H,)^(CH,).- I 

H 

0 

081) 

(C*H,),N{CH0»- 

H 


(28.29) 
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TABLE 51 — Continued 


Ri 

Ri' 

t 

Acrrv- 

nrr 

1 

BBFBBSNGSS 

c-1. ^^-Acetyl-JV’Msocyclicsidfamlamides: K « CfiH 2 «-i to CnHan-is 

.GH.CH,. . 

H,C<r >CH- 

1 ^ 


(70) 





H,0( 

H 

0 

( 121 ) 

CeHr- 

H 

d= 

( 20 , 66 , 91, 181) 

C,Hr- 

HOCHjCHr- 


(42) 

2-ClCJi4- 

H 


(42) 

^ClCJHr- 

H 


(42) 

2-(N0»)CJEr- 

H 


(100, 187) 

3-(NO,)CtH4- 

H 


(187) 

4.(N0,)C.Hi- 

H 


(9, 76, 187) 

2 -(CH,)C,B[ 4 - 

H 


( 66 ) 

3.(CH,)C,B4- 

H 

j 

( 66 ) 

4-(CH,)CJEt- 

H 


(91, 66 ) 

C,H,CHr- 

H 

ds 

(78. 181) 

I-C 10 H 7 

H 

! 

( 66 ) 

2*CioH7 — 

H 


( 66 ) 


c-2. W^-Acetyl-iVMBOcyolicsulfamlamides: oxy or oxo derivatives 


/CHjCHiy 





H 

0 

(2) 

CHr-dHOH 

[ 

1 



2-(H0)C,B[4- 

H 

0 

(42, 121, 187) 

3-(HO)CeH<- 

H 

0 

(121, 187) 

4-(HO) — 

H 

0 

(42, 121, 187) 

4-HO-2.(NO0CJE[r- 

H 

0 

(121) 

4-HO-3-(NO0C«Hr- 

H 

0 

(121) 

2-(CH,0)Cja4- 

H 

0 

(42) 

3-(CH,0)CJff«- 

H 



4-(CH,0)C«H4- 

H 


(28,29) 

4r(HOCH,)C,H,- 

H 


(91) 

4r-(C,H.)C.H«- 

H 

db 

(166, 181) 

4-{HS)CJE«- 

H 


(91) 

5-HS-2-(CH,)C(ft- 

H 


(91) 

2-(OHC)C.Hr- 

H 


(91) 

4-(CH,CO)CJ^ 

H 


(197) 

4r{CH,CH,CX))C.H«- 

H 


(197) 

4.(Cja,CX>)CA- 

H 


(197) 
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TAS'IiS 51 — Continued 


El 


ACTIV- 

EET 

BEFSBBNCBS 

c-3. iV^Acetyl-iV^-isocyclicsulfanilamides: carboxy derivatives 

2-(H00C)C6H4— .. 

H 

0 

(36,37,100,102, 

121) 

3-(HOOC)C.Hf- 

H 


(36, 91, 100 

102) 

4-(HOOC)CeH4- 

H 

0 

(9, 36, 91, 100, 
102, 121) 

3-(HOOCCH— CH)CiE4— 

H 


(66) 

4-(H00CCH=CH)C6H4— 

H 


(66) 

4-(C2H500C)C^[4— 

H 


(29, 91) 

3-(CN)C.H4— 

H 


(91) 

4-(NHjOC)CJE4- 

H 


(91) 

2-CN-4-aOjar- 

H 


(91) 

4^NOj-2-(HOOC)C,®[r- 

H 


(91) 

4-HOOC-3-(HO)C,H,— 

H 


(42, 91) 

4-(HO)CiH4CH2(HOOC)CH— 

H 


(136) 


c-4:. jV^Acetyl-i\rMsocyclicaulfanilamides: sulfo derivatives 


2-(HO,S)C.Br- 

H 


(23, 36) 

3-(HO,S)CeH4- 

H 


(36) 

4r(HO,8)CJB[4- 

H 


(35, 66, 91, 100, 
102) 

4.(H08S)C6Hr- 

CJELi- 


(42) 

4^(CI0!S)C«H4- 

H 


(91) 

4-(C.H.O.S)CJB[«— 

H 


(91) 

2,6-(NO»)*-4-(HO,S)Cjar- 

H 


(91) 

4rC10aS-2-(CH,)C6H8-~ 

H 


(91) 

4rE[08S-l-CioH« — 

H 


(36, 91) 

4.NaOaS-l.CiaH«- 

H 

0 

(121) 

7-H03S-5-HO-2-CioHr- 

H 


(9i) 

6"H08S*S“B[0“2-Ci oHs — 

H 


(91) 

3,6-(H08S)2-l-CioHff~ 

H 


(91) 

3 , 8-(HOtS)2“l“CioH6^ — 

H 


(91) 

4,8-(Na08S)2-l-CioH5 — 

H 

0 

(121) 

3,6,8-(NaOaS)8-l-CioH4 — 

H 

0 

(121) 


c-5. JV’^Acetyl-iV'Msocyclicsulfanilamides: amino derivatives 


2-(NH2)CaH4 — 

H 

0 

(121) 

3-(NH2)CflH4 — 

H 

0 

(121) 

4.(NH4)CeH4- 

H 

H- 

(76, 102, 121) 

4r(CH,CONH)Cja«— 

H 


(76, 84, 131) 

4- [CH,C0(CH,)N]C*H4- 

H 


(76) 

4-(C.H.CH-=N)C<H4— 

H 

+ 

(102) 

4-I4'-(N0.)06H4CH— N]CeH4— 

H 


(102) 
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H. NOB7XEST 


TABLE 51 — Contimied 




R»' 


ikCXIT-> 

JTT 


c-5, iV'^Acetyl-i^isocycHcsuIfajiilaimdes: amino derivatives — Continued 


4-I4'-(CHK))CiB40H— N]CJff<- 

H 

+++ 


4-I4'-[(CH,)»NICACH»-N]CiH<- 

H 

++ 


2,MCH»CONH),OiB[r- 

H 



3,4-(CH,CONH)»CJB[,— 

H 



4-[4'-(NH,)CJB[4NH1C,H«- 

H 



3-HCMr(GHaCONH)C«Hr-‘ 

H 


(84, 131) 

2-CHr^CCH,CONH)C«Hr- 

H 


(76) 

6-CHr’2-(CH,(X)NH)C»Hr- 

H 


(76) 

3-CHr4-{CH,CONH)C,iHr- 

H 


(84) 

2,3-(CH,)r4-(C5E,C02SrH)CeHr- 

H 


(76) 

4-I{C3Hi)*N]CiHr- 

H 


(84) 

4.[(CiH0^ICja«- 

H 


(76) 

4-(OJ3Ura)CiH4— 

H 


(84) 

2,6-CHOiS)r4-(NHi)C«Hi — 

H 


(M) 


d-1. iyVAeeiylrjy^heterocyelicsiilfamlamides: one o^gen or sulfur atom in 
the heterocyclic system 


None 


d-2. Ar*-Aoetyl-. 


system 


one nitrogen in the heterocyclic 


(a) 2-(Ar^Acetylsulfanilamido)pyridines 


El 



El 




B 

B« 

B< 

JuosrnxT 


Na— 

CH*— 

C^iOHr- 

HOCXJ- 


I— 

NOr- 

C«H,0,S~ 
NHy— " 

CHr- 

H 

NHr- 

4.(NH0- 

OiHiSOiNH- 

+,++ 

(39,68,123,1^ 
169, 188, 189, 
190) 

(129) 

(132) 

(182) 

(132) 

a82) 

a32, 183) 
a32) . 

(160) 

(33, SO, 60, 183) 
(132) 
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TABLE 51— Cowifn^eci 


d-2 (b). 3-(iV'<-Acetylsulfamlamido)pyridines 


CHiCONH- 


<3so^-4Jr. 

R» ^ 


El 

Ea 

E4 

Es 

Ee 

ACTITITT 






CHsCONH— 


(132, 190) 
(190) 


d-2 (c). 4-(iV‘^Aoetylsiilfamlazaido)pyxidines 



d-2 <d). x-(iV'*-AcetyIsidfaiulamido)quiiioli]ies 

K, 

C!H.CONH<^ 00^ 


El 


Ri 
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E. H. KOBTHBT 


TABLE Si—ConUtmed 

d-2 (e). MisceUaneous N ^-acetyl-JTMieteroeydiosiiIf anilaimctes with, ona 
sitr(%en atom in the heterocyclic eystem (general formula 
as at top of table) 



d-3. J7<'Acetyl-iV"*-heterooyclic8ulfanilamides with two or more nitrogen atoms 
in the heterocyclic system (general formula as at top of table) 


HN— caa 


-C CE 

I I 

N-CH 


N— CH 

1 1 

— C OH 

i I 

N— CCH, 

.CHiCHs, 


C,H.N< 




dA (a). i\r^Ace1yi-iV^-lieterocyclicsiiIfazulamides with one nitrogen atom and 
one oxygen (or sulfur) atom in the heterocyclic system: 

2-{N ^acetylsulfanilainido)thiazoles 

S 

CaH,CONH<^ ^>SOa^-^ \CR, 

IP N CR4 


Bi 

Bi 

Hi 


CHr- 


CJBiCHr- 

CH,- 

CH^ 

i 

G,Hf- 

CH,- 

CJH,- 

i 

I 

CH*— 


1 

CHr- 

CJHtOOO- 



(S9, 124, 133, 159) 

(59, 124, 133, 159, 183) 
(133) 

(133) 

(133) 

(133) 

(133) 

(133) 
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TABLE hl^-CoTdinued 


dr4 (b). 2-(iV^Acetylsiilfamlamido)benzotliiazoles 


S Us 

CH,coNH< >sojsr-c-^ 

Ri N 


Rs 



Bs 

B< 

Bt 

Ba 

▲cnvirr 

BSFSBliZrCBa 

C*H^ 


CH,CONH— 

NOr- 

C,H.O- 



(133) 

(133) 

(133) 

(133) 

(133) 


d-4 (c). Miscellaneous iV^aeetyl-^^-beterocyclicsulfamlamides with one 
nitrogen, osygen, or sulfur atom in the heterocyclic system 
(general formula as at top of table) 


Bi 

RX' 

ACTIVITY 

■p-BTyg-tmwrpa 

H, 

S 




=f] 

/ Nj- 

II 

H 


(60) 


1 N 




Hi 






d-5, iV’^Acetyl-iV'^heterocycIicsulfanilainides with two nitrogen atoms and 
one osQTgen (or sulfur) atom in the heterocyclic system 
(general formula as at top of table) 


B» 

IP' 

ACnVXTT 

BXraBBUCS 

s 

m/ 




1 1 

CHiG^ yN 

N 

H 

H 


(60) 



























IM 


E. H. 


TABLE 51— Coniwtiei 

d-6. jy ^Aeetyl-y ^-heteroey oliesulfanil amides with the iV^-iiitrogeii in the 
heterocyclic system 


C!H.CONH <^ ^ OiN Q 


o 

ACIXTTrT 

BEFBBE17CSB 

CHjCTt 

(M/m/ 


(88) 

JM/M%. 

M/DC >N- 

^ch/m/ 

0 

(68, 70, 86, 87, 88) 

oJe 

0 

1 

(178) 

H, 



C,H,OOCN< >N— 


(98) 

(M/OONS^ ^>SQ,N<f^*^^^N— 


(42,98) 


e. i\r<-Ace^I-2^*-acylsulfamlamides (general formula as at top of table) 


£1 BanBBXNosa 


e-1. i^T^Acelyl-^Mnorgardcsulfamlamidea 


CELNHOO — 

H 

0 

1^91 

NH»C(==NH)— 

H 


^^9 


e-2. iV^-Acetyl-AT^acyclic-acylsulfanilamides 


(M/Xh- 

H 


(38, 168) 

GHsCHfC^ — 

H 


(38) 


H 


(38) 

CH,(OH,),CO- 

H 


(38) 

(CH,).GHCEWXX- 

H 


(38) 

(CJH*)t0HG!0— 

H 


(38) 

OH,(CH»)4CO- 

H 


(38) 

CH.(CH,).CO- 

H 


(38) 

CH»(CHi)«CJD— 

H 


(38) 

CSSi(CH^i^ClH (CJB[«}00 — 

H 


(38) 













SULFANUtAMIDB DEBIVATIVES 


156 


TABLE SL—Conduded 




▲cxrvxTT 

BSrBBXVrCSB 

e-2. iV'^Acetyl-JV^acyclic-acylsulfamlamides — Continued 

CH,(CHa)aCH(C2Hfi)CO— 

Na— 


(38) 

OH,(CH,),CH(CjH,)CO— 

iMg— 


(88) 

CH,(CH2)8C0— 

H 


(38) 

CHa(CH2)9CO— 

H 


(38) 

CH,(CH,)ioCO— 

H 


(38) 

CH,(OH,)uCO- 

H 


(88) 

CH3(CH07CH=CH(CHa)7CO— 

H 


(38) 

e-3. AT^-Acetyl-W^-isocyciic-acylsulfanilamides 

CH=GR 

I >CH(CHa)ttCO— 

CHs-Cffi 

H 


(38) 

.CHiCH,. 

HaC<( )>CHCO— 

H 


(38) 

0,H,C0- 

H 


(38) 

CaHaCHaCHiCO— 

H 


(38) 

CjafiCH^CHCO— 

H 


(38) 

(Oja:,)*cHco— 

H 


(38) 

4-(N03)C5H4C0— 

H 


(38) 

4r(HOOC)C6H4CO-~ 

H 


(42) 

4.(NH,)C^4CK)— 

H 


(88) 

6-4. N ^Acetyl-iV^-heterocyclic-acylsulf anilamides 

Cr- 

H 


(38) 


H 


(38, «) 


H 


(38) 

CO 

1 





i. jyVAcetyl-iV^-BnlfoiylBulfanilamides (general foimnla as at tc^ of table) 


t?>-CsH[iiSOa — 

H 



4r<NHa)G«H:4SOi- 

H 



CHsCONHCaHaSOr- 

H 

db 


CHaCONHCASOa— 

CHr~ 



OHaCONHCaHaSOr- 

C,H«- 


KSHil 
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TABLE 62 — Continued 
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B. H. NOBTHBT 


\ 

3 3 3 © S' 

■s 
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1 

”, 

(1) 

(i) 

(123) 
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(1) 
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4-(NO,)C(Jff4-~ H ± (102) 
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It is interesting also that 2-(iV'^benzyHdinesulfanilaniido)pyridine and 
2-(iV^*-^-hydroxybenzylidinesulfanilamido)pyridine were rated +++ 
against streptococci, but only + against pneumococci, whereas the cor- 
responding iV‘^-(4-methoxybenzylidine) and iV^C^r-dimethylaminobenzyli- 
dine) derivatives were rated + against streptococci and + against pneu- 
mococci (102). If confirmed by other laboratories, results such as these 
would refute the argument that the activity of such derivatives can be 
explained by in vivo cleavage to sulfapyridine (which was rated ++ 
against both organisms), since obviously sulfapyridine, if the active agent, 
should not give increased activity against streptococci and decreased 
activity against pneumococci when administered as compounds which 
liberate it in the body. It would be interesting to see these results com- 
pared in terms of S.B.C.6o^s. 

(H) N^'-AzO’-N^^-sfubsUtuted sidfanUamides 

The i^^-azo-JV^-substituted sulfanilamides are listed in table 65. 

vn. NUCLEAR, iV’^jJV'^SUBSTITUTBD SULFANILAMIDES 

These compounds (see table 56) have been synthesized for other pur- 
poses usually, and only one has been tested for chemotherapeutic activity. 
It was inactive, which is not surprising in view of the usual effect of nuclear 
and JV’^substitution. The series of iV^-arylsuIfanilamides was synthesized 
as intermediates for acridine derivatives of interest against malaria (see 
section IX). 

Vm. SALTS OF SULFANILAMIDB 

Sulfanilamide, being an amphoteric substance, forms salts with both 
strong acids and bases (see table 57). The salts with bases hydrolyze in 
water to give pH values of 10 to 11, while the salts with acids give values 
of 2 to 3. The salt with 10-camphorsulfonic acid appears equal to sulfanil- 
amide in effectiveness and has the advantage of being highly soluble so 
that it can be injected intravenously. 

Greater effectiveness is claimed for complex salts of sulfanilamide with 
the cinchona alkaloids and halogen acids (176). 

IX. UNCLASSIFIED SULFANILAMIDE DERIVATIVES 

These derivatives are given in tables 58 and 59. In the case of the 
2-acridinesulfonamides the numbering system used abroad is as follows: 




N*^AniUN^’-avb8tiiuled BulfanilamideB 
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2.(N0,)0JH4CH- H +++ (102) 
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mJM Hr-CwdvM 
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This numbering has been transcribed to the i^rsteoa used in ChemiaA 
Absfyracis indices 


R* 



S 10 4 


(but not alwa 3 rs in Chemical Absbracts text!). 

E. SUMUASY ANn GeNBRAX CbNCIiUSIONS OK CkSBBEXiATIOK 07 
Stroctorb and CHEaioTHBRAPBTmc Acnvmr 

The following conclusions are based on such scanty and variable phar- 
macological data that they are of little scientific value. They are given in 
the hope that they may guide future research to new achievements and 
that any negative conclusions will not discourage furtber work in that 
field. 

I. StTLFAKItiAMIDB DBRtVATIVBS 

1. Nudear-substituted sulfanilamides are usually inactive. 

2. INT^-Substitutlon in sulfanilamide has ^ven the most promimgnew 
derivatives. 

(а) The iV>-acyclic derivatives have not been so active as the parent 
sulfanilamide. 

(б) .^ArylsulfaDilamides are in general not so active as sulfanilamide. 
Isomalsm of substituents on the i\P-aryl nucleus has an important effect 
on activity. 

(c) iV^Heterocydicsulfanilamides have diown great activity {gainst 
pneumococci and equal or better activity against streptococd than sul- 
fanilamide. Substituents on the heterocyclic ring modify the activity and 
podtion isomerism of such substituents may have a profound infiuenee on 
the activity, which is difficult to explain in terms of current theories on 
the mode of action of sulfanilamide and its derivatives. 

(d) Some i\r^cylsulfanilamides show activities somewhat greater than 
sulfanilamide on an equimolecular dosage. Brandred-diain iV'^-acylsul- 
fanilamides are much less active than strai^t-chaln derivatives. 

(e) .y^ulfonylsulfanilaTnides are general^ inactive. 

3. An hypotbesis which needs verification by mctensive phmmacolc^cal 
study is: Blacking ihe N^^mirogen in sfdfanUcmdde hg a group u>huk is not 
reamed in vwo destroys ffte at^mty. Groups which destroy tbe activity 
are alk;^ arji, or sulfonyL Groups which may be removed or converted 
in mo to the free amine (or an active substance derived from ibe free 



TABLE 65 

N^Azo-^N^’-BuhBiituied Bvlfanilamidez 
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Satis of sutfanilamide 
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A. Salts with acids 


Inorganic acids 

Hydrochloride 


(67,86,121) 


Phosphate 


(102) 

Acyclic acids 

Adipate 


(61) 

Isocyclic acids 

Camphorate 


(60) 


lO-Camphorsulfonate 

4-+ 

(53, 147, 170) 


Benzenesulfonate 

■+•4* 

(53, 170) 


Phenolsulf onate 

4-+ 

(53, 170) 


Sulfosalicylate 

4-4- 

(53, 170) 


Salicylate 




Acetylsalicylate 




Phenyl^ycolate 




Picrate 


(168) 

Heterocyclic acids. . . 

Quinolinate 


(60) 


3-Pyridine8ulf onate 


(60) 

i 

8-Hydrozyqainolinesulfonate 


(192) 


B. Salts with bases 


inorganic bases 

Almr^inwTn 

+ (71) 


Mercuric Silver 



Sodium 

++ (42, 121) 

Acyclic bases 

None 


Isocy^c 

Phenylmercuric 

(110) 


Diphenylmercuric 

(110) 

Hetero^elio bases. . . 

None 



C. Mixed salts 


QuinmeHBulfanilamide < 2HC1 

4-4-4- 

(117, 176) 

Quinine-fiulfanilamide- 2HBr 


(118, 176) 

Quinine-sulfanilaTnIde • 2HI 


(118, 176) 

Qiiinidine-Bulfanilainide-H ^04 


(118, 176) 

Quinidine-snlfanil amide - 2HC1 


(118, 176) 

Quinidme-eulf cmilamide -2HBr 


(118, 176) 

EaquinineHSuIfanilamide • H ^04 


(118, 176) 

EuqmnineH 9 ulfaTiilamide« 2 HCl 


(118, 176) 

Euguinine-eulf anilamide » 2 HBr 


(118, 176) 

Cinchonme~Bulfanilamide • H 4 SO 4 


(118, 176) 

CSnchonine-Bulfanilamide - 2H01 


(118, 176) 

CiiBiihoainft-RiiTfftjrtils^Triide '* 2 HBr 


(118, 176) 

Oinch«midizieH5ulfanilaaxdde • H^04 


ai8, 176) 

Claeimaidine-fiulfanilaim - 2HC1 


(118, 176) 

C&iehomdizieH3ulf anilaimde < 2HBr 


(118, 176) 

<|giaiBe-fndfaBilaTni.deH8alicylie acid f 

4-4-4- 

(117, 176) 

<|iiiiiiBe<s^anBaimde *H:S04 


(176) 

Qshnsffi^-sollaniiamide - X.5H^04 


(176) 

QmidafrSBHanilamide-NHaSO^ 


(176) 

[4'-CNHs}GiH4S0iNH}0«H^,H 


(176) 
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TABLE 58 

Undassifted svlfanilamide derivatives 


voBurniA. 


SO 2 NH— N—N 

0 0 

N— N ^NHSO* 

Na 

I 

SOjN— 

0 0 

N=.N— N-SO. 

I 

Na 

SOOT— N-=N 


NH 

I 

SO, 


so, 

I 

NH 


0 0 

N—N ^NHSO, 


(115) 


+ 


(116) 


(115) 


Various alkali, alkalme-earth, ammcmiam, and substituted ammonium salts c£ the 
above compoimds are claimed 


4-[4'-<NH,SO,)CJ0[,N-=N]OaSOOT, 

NH,0,S 



H,N 


4-(CJB[.OH-.N)CVH4SO,NHi 


(16, 134) 


(165) 


( 135 ) 
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TABLE S&-Conduded 


TOBUDliA 

ACiivnT 

BXFBBBNCXS 

4-[4MNO0C5eH4CH==N]C^SO,NEj 

1 

0 


(136) 


]>]m- 

s 

db 

(179) 


amine) are anils, certain reduced anils, foimaldehyde-bisulfite, and form- 
alddiyde-sulfoxaiate derivatiTes. 

4. IV^Nudear-, ^^-nudear-, and Ar‘,Ar*,nuelear-subatituted 

sulfanilamide follow in general the activitie to be ei:q)ected as a result 
of cambinh^ substituents on the basis of paragraphs 1, 2, and 3 above. 

n. ATXTTB O COMPOUNDS 

"While not covered by this review, it may be worthwhile to sununarize 
here the results to date on allied compounds. These results are based 
largely on work by the groups at The Pasteur Institute (61, 180, 181), 
Wellcome Research Laboratories (18, 19, 20, 69, 70), United States Public 
Health Service (9, 10, 11, 162, 198), and Rh6ne-Poulenc (134, 135, 195). 

1. Isomers of sulfanilamide (metanilamide and orthanilamide) were 
inactive. Fdnstone (54) has shown that tins inactivity is intrinsic and 
not the result of a lack of adequate blood concentiutions. Dmvatives of 
these isomers were also inactive or nearly so. 

2. Replacement of the amino group in sulfanilamide by E, — OH, 
— OR, — COOH, — SOJ’^Hr, aJkyl, or halogen practically destroyed the 
activily. 

3. R^lacement of the suhonamido group by — ^NHj, — ON, — SOsH, 
— ^AsOJB^, — CONH*, — ^NHCOCH», and — NO* destroyed 'the activity. 
Replacement by — SOaH retained most of the activity (70). Replacement 
by 

-SO«< >NH*, -S< >NH*, -S-S< >NH*, 

A 

-S-S< >NH8, and — SO*CHs<^ SnH* 

n 

gave oompounds of slight activiiy (62). 
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TABLE 59 

t-AcridinesiHfommides 


b(Y]^C 


E* 

R*' 

i 

Bt 

1 

Rt 

R> 

SXnBB* 

BNCBS 

CRr- 

CHr- 

i 

CHr- 

CHtO — 
CH,0- 
CH,0- 
H 

Cl- 

(C,H,),N(CH,)4NH- 

(OJE,)JT(OH,)tCH{CH,)NH- 

a— 

(7) 

(7) 

(7) 

(92) 

(Mr- 

CHr- 

CHr- 

H 

(CJE,)»NCHtCHOHCHJ!TH— 

(92) 

CHr- 

CHr- 

H 

CHr- 

a- 

(92) 

(Mr- 

1 CH* — 

H 

CHr- 

Br — 

(92) 

(Mr- 

CHr- 

H 

CHr- 

NaOtS- 

(92) 

(Mz- 

CHr- 

i H 

CHi— 

CHtO— 

(92) 

(Mr- 

CHr- 

1 H 

CHr- 

cM/y- 

(92) 

CHj — 

CHr- 

H 

CHr- 

4-(CHt)CtH4S— 

(92) 

CHr- 

CHr- 

H 

CHg — 

(0JH5)*N(0H,),S(CH,).NH- 

(92) 

CHr- 

CHr- 

H 

GHs — 

4-(NH,CH»)C£tNH— 

(92) 

CHr- 

CHr- 

H 

CHr- 

4-(CH,CONHCH,)CtBWra[- 

(92) 

CHa; — 

CHr- 

H 

CHr- 

4-{H0CH,CH,0)Cja:4NH— 

(92) 

CHr- 

GH« — 

H 

CHr- 

i 

4-[(C»Ht)JJCHtCH,0]Cja«NH- 

(92) 

CHr- 

CHr- 

H 

i 

CHi- 

H, H, 

Ht<f^>NCHtCHtNH- 

(92) 

CHr- 

CHr- 

H 

CHgO- 

H,H, 

a- i 

(92) 

CHr- 

CHt — 

H 

CHiO — 

(c,h,),n(ch,)ot:- 

(92) 

CHr- 

CH,- 

H 

CHrC- 

(CiH,)JSrCH,CHOHCH*NH- 

(92) 

CHr- 

CHr- 

H 

CH,0— 

(CtHOtNCHsCHOHCSUSTHCHr 

(92) 

CiHr- 

C^i — 

H 

CH»0— 

CHtNH- 

ca- 

(7,92) 

CiHr- 

O.Hr- 

H 

CH|0 — 

(CJEsltNCHtCHjra— 

(92) 

CMr- 

CtHr— 

H 

CHiO- 


(92) 

CJBEr- 

C,Hr- 

H 

CH,0- 

(CiH()tNCHiCHOHCH,NH— 

(92) 

CjHr- 

C»Ht — 

H 

CH,0— 

(CtH,)J!y[CHtCHJSrH— 

(92) 

CMr- 

C»Hr- 

H 

CH,0— 

(CJB[,)J^(CH,)tNH- 

(7) 

C^r- 

CsHt — , 

H 

CHtO — 

(CtH,)tN(CH,).CH(CH,)NH- 

(7) 

C*H,- 

CJEr- 

H 

CHtO- 

(C,H,),NCH,CHOHCH,NH- 

(92) 

C»Hr— 

H 

H 

CHtO— 

a- 

(7) 

CJBEr- 

H 

H 

CHtO— 

(C,H»)aT(CHOtNH- 

(7) 

cja,- 

H 

H 

CHtO— 

(CJB[,)JSr(CH^tCH(OH,)2ra- 

(7) 











TABLE 60 

Tradt nanua of ttdfanilomids and derivativeB 


184 


H. KOBTHSY 



I 


i I 




o 3 

"I 

» o 


SIS 

PQ PC) 

sa 

^PQ 

||33 

III! 


o 


m va 

ss 


li - 

s ^ & 
g*’! ‘S fa 

nil 


s 

^ ’S 

I 8 

I § 

1^ 



StTLFANILAMIBE OEBiyATmiS 


18 $ 







SULFANILAMIDE DBBIVATIVES 


187 


4. The fundameatal imit comm on to the active compounds has been 
stated by Foumeau (62) to be but the absolute need of both 

sulfur and nitrogen has been refuted by the finding of di^t or mod^te 
activity for the compounds 

NOi< >CX)OH (195,198) 

>AsOaH<^ ^NHCOCH, (196) 

and 

HO< >S08< >OH (194) 

However, the latter compound has been called inactive by Buttle (70), so 
that it is uncertain whether nitrogen can be dispensed with 

F. Affenddc a 

TBADE names of sulfanilamide and DERIVATIVES 

Table 60 gives the trade names and formulas of sulfanilamide and its 
dmvatives. 

G. Appendix B 

METHODS FOB SYNTHESIS OF SULFANILAMIDE DERIVATIVES 

The common mtermediate for almost all sulfanilamide derivatives is 
iV-acetylsulfanilyl chloride (ABC): 

SOrf31 


MC0)CH» 

This is obtained by the sulfonation of acetanilide with a 5-to-l mole ratio 
d chlorosulfonic add.^ A wet paste of ASC results, which can be used 
for many puiposes without diying or purification. When it is necessary 
to use purified ASC (as for reaction vnth espendve aminoheterocycles), it 
may be air-dried in thin layers oh porous plates, or in a vacuum desiccator, 
and, when dry, reciystedlized from a solvent. Bensene and ether, as 
described in the literature, are poor solvents. Mudi bett^ results are 
obtained by using chloroform or ethylene dichloride. 

J^^Acetylsulfanilamide (ASA) is obtained by adding wet ASC to a large 
eEcess of 10 to 15 per cent ammonia at 40-^°C. with powerful a^tation, 

* For its preparatioa see H. GOman: Organie Syntheaea, V«danie I, 

p. 8. John Wiley and Sons, Inc., New T<nk (1932}. 
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followed by neutralization of excess ammonia and filtration of the crude 
ASA. It may be purified by dissolving in warm sodiinn hydroxide solu- 
tion, treatmmit witii an activated charcoal, and r^recipitation with acid. 

GmeraL methods for hydrolysis of N^<u^lsvlfmiJmiides 

Sulfanilamide is obtained from ASA by hydiol3?sis of the acetyl group 
with ^ther hydrochloric add or sodium hydroxide. Contrary to the 
statement of Gelmo (66), sulfanilamide (and practically all of its i\P- 
derivatives with the exception of the i\P-acyIsulfaoilamides) is stable at 
the sulfonamide linkage to all concentrations of sodium hydroxide at 
temperatures up to 110“C. On the other hand, many of the AT'-hetero- 
<grc]ie derivatives of sulfanilamide are cleaved at this linkage by boiling 
hydrochloric add. I^actically all sulfonamide derivatives are deaved by 
boiling witii 65-70 per c^t sulfuric add. The choice of add or alkaline 
hydiolyds is dictated by the nature of the compound. For one which is 
stable and soluble in add, the add hydrolyds is preferred, dnce it is com- 
plete in a few minutes, whereas the alkalW hydrolysis may take several 
hours. 

Add hydrolyds is generally carried out by boiling the compound with 
15 to 20 per cent hydrochloric add, udng about 1.7 moles of the add per 
amino equivalent. Hydrolyds is usually complete when the temperature 
has been at 100°C. for 30 min. The product is then precipitated by 
neutralization with sodium hydnmde. 

Alkaline hydrolyds is preferred for senddve compounds or compormds 
which are insoluble in add. All sulfonamides havii^ a hydrogen remain- 
ing on the amido nitrogen form hi^y water-soluble sodium salts. This 
is an aid m /^thesis, not only in hyc^l]^ but also in purifications and 
studies of steucture. Alkaline hydrolysis is usually carried out by dis- 
solving the compound In 0.5 to 1.0 molar concentration in water by adding 
the necessary amount of sodium hydroxide. More sodium hydroxide 
(1.25 to 1.6 moles per equivalent of aceiylamino groups) is then added, 
ai^ the solution boiled until hydrolysis is complete (2 to 3 hr.), as deteiv 
mined by taking two aliquot samples, TnakiTtg strong add with hydro- 
chloric add, titralii^ one directly by nitrite (see below) and the other 
after bdlii^ for IS min. If the two nitrite values agree, hydrolysis is 
complete. 


Synffiesis of IP^r^xibstiiiUed sidfanilamides 

If the iV'-eubsiituent is aeydie or isocydic, the usual method of synthesis 
is to d&Bolve or suspend the coiiespondmg ftmteft in water and to add 
ASC uadear vigorous agitation while mamteirimg a pH of 8 to 11 by addi- 
tikn of aodiom hydroxide and holding the temperature at 40--60“C. It is 
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convenient to use a little sodium carbonate as a bufi^ and indicator (when 
foaming starts additional sodium hydroxide is needed). 

The crude JV<«cetyl-J\P-substituted sulfanilamide is obtained by addi- 
fying and filtering. It may be purified by dissolving in alkaJine solution 
and repredpitating with add after treatment with an activated dbapTcoal, 
or by recrjrstaJlization from an oi^anic solvent, of whidi alcohol is the 
most generally suitable. 

Other methods of sjmtheds involve dry fudon of ASC with the base, or 
reaction in a mutual solvent such as acetone or dioxane. Use of pyridine 
as a solvent has definite advantages with a number of weak bases which 
do not react well with ASC in its absence. The ASC must be dried for 
mdi use, since it hydrolyzes rapidly in tiie presence of wet pyridine. 

The ATVaoeiyl group may be h 3 rdrolyzed by dther of the general methods 
above, and the resulting AT^bstituted sulfanilamide purified by the 
same methods as used for the AT^acetyl derivative. Advantage in puri- 
fication may occasionally be taken of tim abilily of the free iV^amino group 
to form soluble salts with adds. Since compounds with a free amino 
group are susceptible to oxidation, it is useful to add a small amount of a 
reducing agent, such as sodium bisulfite or sodiiun hydiosulfite, to help 
prevent such oxidation in the early stages of purification. 

For ssmthesis of AT^-substituted sulfanilamides which are sensitive to 
hydrol 3 ^ by strong adds or bases, it is necessary to start with p-nitro- 
benzMiesulfonyl chloride and to react this with the base by any of the 
above methods. The-nitro group is then reduced by neutral iron reduction 
or catalytic hydit^enation. Unfortunately, there are no very satisfactory 
methods of preparing 2 >-nitrobenzenesulfonyl chloride. The usual syn- 
thesis starts with p-nitrochlorobraizene, which is reacted with sodium 
disulfide in alcoholic solution to ^ve 4,4'-dinitrodiphenyl disulfide. This 
is oxidized to the product with a mixture of nitric and hydroddoric adds 
or by chlorination in di^tly diluted acetic add. One of the essential 
points in this syntheds is to prepare pure sodium sulfide, sodium thio- 
sulfate, etc. 

Mention should also be made of the procedure of Bell (J. Chem. Soe. 
1938, Trans. 2776) for preparing p-nitiobenzenesulfonyl diloride. 

Analygis 

The diazotization of the amino group in sulfanilamide and its derivsr 
fives forms the bads for a volumetric method of a^y which is ateo useful 
as a control test in foUowing reactions. The method is as foBows: Ap- 
proximately 0.03 mote Of the sample is weighed and dissolved (by warmh^E 
if necessary) in SO ce. of water and 15 cc. of concentrated hydrodilOrie 
add. The solution is coded to 1S°C. by addition of me and is then titrated 
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with iV/10 sodium nitrite solution (which has been standardized by. an 
identical procedure using pure sulfanHic add). The nitrite is added under 
constant agitation until the first immediate blue streak is obtained by draw- 
ing a stirring rod, wet wilh the solution, through a smear of starch-iodide 
paste on filter paper. This end point should be permanent for 2 min. 

In cases where the compound is too insoluble to be titrated or where 
there is an IV^acyl substituent, it is frequently possible to hydrolyze the 
sample to sulfanilic acid by boiling with 15 to 20 cc. of 65 per cent sulfuric 
add for 30 min., then cooing with ice, adding 5 cc. of concentrated hydro- 
chloric add, and proceeding with the titration. 

The starch-iodide paste may be prepared as follows: Dissolve 2 g. of 
potassium iodide in 10 cc. of water and add to 285 cc. of boiling water in a 
fiask or beaker heated by an oil bath and mechanically agitated. Add a 
solution of 5 g. of c.p. zinc chloride in 20 cc. of water to the boiling mixture, 
then slowly add a suspension of 13 g. of potato starch in 60 cc. of cold 
water. Again raise to a boil, then allow to cool slowly. Preserve in well- 
stoppered bottles. The paste should give an immediate blue streak when 
tested with a solution of 1 cc. of N/IQ sodium nitrite in 1 1. of water and 
10 cc. of concentrated hydrochloric acid. 
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I. INTRODUCTION 

Artificial radioactivity was discovered by Curie and Joliot early in 
1934 (C30). They made the exciting and important observation that the 
positrons which were emitted when aluminum was bombarded with 
aJpharparticles from polonium continued to be emitted after the source of 
alphar-particles was removed. The intensity of positrons decayed ex- 
ponentially with a half-life of about 3 min. Immediately following the 
discovery of Curie and Joliot, many more artificial radioactivities were 
produced by several groups of workers, mainly as the result of bombard- 
ment with high-speed charged particles from artificial sources. Many 
substances were rendered radioactive by bpmbardm^t with protons and 
deuterons which were accelerated in various types of hi^-voltage appara- 
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tus; CJockcroft, Gilbert, and Walton (C31) employed a voltage-multiplier 
circuit, Lawrence and coworkers (H32) accelerated the charged projectiles 
in the magnetic resonance accelerator or “cyclotron” (L33), Crane and ’ 
Lauritsen (C32) used a “cascade tranrformer” potential source, and Tuve 
and Hafstad (H33) an electrostatic generator. A further large addition 
to the list of radioactivities was made during 1934 and 1935 as a result of 
tiie work of Fermi and his associates (Al), who produced the activities by 
the neutron bombardment of the elements. Since the Coulomb field of 
the nucleus does not oppose the entry of a neutron, as it does that of a 
charged particle, a large number of elements throughout the entire range 
of the Periodic Table were rendered radioactive in this manner. 

By the end of 1935 about one hundred artificial radiod.ements were 
known, and a review of the subject of artificial radioactivity, which in- 
cluded a discussion of the methods of production, was publitiied.by Riden- 
our and Yost in Chemical Reviews (R18). In the meantime, further work 
with deuterons, neutrons, and protons, and in addition, hi^-energy 
alpharparticles and gamma-rays from artificial sources, made a large 
increase in the number of induced radioactivities. A number of tables of 
radioactivities have appeared in various phyrical journals (L34, D15, 
GIO). livingood and Seaborg have publidied, in the Reviews of Modem 
Physics (January, 1940), a table which describes the properties of three 
hundred and thirty artificial radioactivities (L35). These reviews in the 
physical journals merely listed the radioactivities and their properties 
and methods of production; they were not concerned with the applications 
of the radioelements to scientific problems. 

The large currents and high energies now available, especially with the 
cyclotron, have resulted in the discovery of radioactive isotopes of every 
element in the range of atomic munbers from 1 to 85, inclusive (as wdl as 
thorium and uranium). Of especial importance, because of thrir wide 
applicability to tracer problems, are the radioactive hydrogen of Alvarez 
and Com<^ (A7) and the long-lived radioactive carbon recently discovered 
by Ruben and Kamen (R17). It is the purpose of this review to discuss 
the present situation in the field of artifidal radioactivity, particularly with 
respect to its applications to chemistry. Sections II to V will be devoted 
to a discussion of the properties and metiiods of production of the artifici a l 
radioelements and will include a brief description of the methods used for 
the detection of the radiations. Section VI gives a complete table (table 
2) of all the known artificial radioelements, including thdr half-lives, the 
properties of thdr radiation, the reactions by which they are produced, 
and rderences to tiie ordinal literature which describe thrir production. 
Section Vn discusses the application of these radioelements to chemistry. 
The applications to chemistry that have been made so far are just the 
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b^iuniiig of what is certain to become a very large and fmitful field of 
research. 


n. GSKSBAL COITSIDIiBA'nONS 

The decay of the artificial radioelements follows, of course, the well- 
known ei^onential law, just as for the natural radioactiwe bodies, and the 
decay rate for each element is described in terms of a half-life.^ Likewise 
the growth of. a radioactivity when an element is under constant bombard- 
ment follows the familiar growth law, that is, the fraction of the saturation 

o.«»« 

number of atoms formed in a time t is equal to 1 — e *■!/*, where Tm is 
the half-life. After a time of activation long compared to the half-life of 
the substance, the activity reaches a saturation value which cannot be 
increased by further activation (see, e.g., R19, Oiapter I). 

Althou^ the nomenclature for the artificial radioelem^ts has not 
reached a standardized form, most of the investigators in the field have 
adopted the practice of using the contracted form “radioelement” rather 
than the more cumbersome term “radioactive element.” For example, 
the well-known radioactivity of 14.8 hr. half-life induced in sodium, as the 
result of bombardment with either neutrons or deuterons, is often referred 
to as being due to radiosodium rather than the radioactioe isotope of sodium. 
The former, simpler nomenclature will be used in this review. 

The radiations from the artificml radioelements are very similar m 
properties to those from the natural radioelements of the well-known 
uranium, actinium, and thorium families (R19). Single decay predomi- 
nates, althou^ num^ous examples of chain deca 3 ns, i.e., cases where the 
product of the first decay is also radioactive, are known in artificial radio- 
activity. The betarparticles emitted during the decay of artificial radio- 
activities have the same continuous type of distribution in energy, with a 
definite upper energy limit, which has long bear known to exist for the 
natural radiodements.* The upper aiergy limit decreases as the half- 
life increases; this Sargent (S35) relation (togr half-l^e « —Jog energy) 
holds only roughly ova: a range of mass values (B37) and must be modified 
when the nuclear spin change accompan 3 dng tire disintegration is greater 
than zero (B37, F9). Decay by alpharparticle (He++’) emis sion, which 
occurs so often in natural radioactivity, is very imcommon in artificial 
radioactivity. While only negative beta-particles (electrons) are emitted 

^ The half-life is the time required for one-half of the initial number of atoms to 
decay. 

* It is this continuous distribution of beta-particle eneigy which has led to the 
introduction of the neutrino, a particle of small or zero mass, one-half unit of spin 
(l/2'h/2w) and no charge, in order to preserve the laws of conservation of energy and 
' momentum in beta-decay (F9}* 
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by uatiural radiodemeats, some of the artificial radiodements emit m^a- 
tive beta-particles and some of them emit positive beta-particles (posi- 
trons). Examples of radiodemeats which decay by the emission of both 
negative and positive beta-particles are known. Some of the decays are 
accompanied by gamma-rays (high-energy electromagnetic radiation) 
and some are not, just as in natural radioactivity, and these gamma-rays 
may be slightly or laigdy internally converted.* Gamma-rays ionize 
much less, and hence are much more penetrating, than beta-particles of 
similar energy. 

Positron emitters may decay by the alternative process of orbital dectron 
capture, a method of decay which, up to the present time, has been ob- 
served only with the artificial radioelements. It was suggested by Yukawa 
(Y3) and others, from considerations based upon the Fermi theory of beta- 
ray emission (F9), that an unstable nucleus might reach stability by the 
capture of an extranuclear dectron. The first experimental observation 
of decay by “JT-dectron capture” (so-called because by far the largest 
proportion of the orbital electrons captured by the nucleus come from the 
X-dectron shell) was made by Alvarez (A4), who found that an unstable 
gallium isotope of 83 hr. half-life decayed by this mechanism. Many 
examples of this type of decay are now known. Decay by Z-dectron 
capture may be unaccompanied by any detectable ionizing radiation ex- 
cept for the x-rays which must be emitted (since the vacant place in the 
innCT shdl must be filled with the emission of an x-ray or an Auger electron) . 
However, many samples of jK-dectron capture are known where the re- 
sultant nucleus is left in an excited state which drops to the ground state 
with the emission of a ^unma-ray or a line* of internal-conversion electrons 
or both. Some radiodements decay by both positron emission and K- 
dectron capture, some by .K-dectron capture alone, and some entirely 
by positron emisdon. 

* When a gamma-ray is “internally converted” or undergoes “intemsd conver- 
sion,” it means that instead of the enussion of a gamma-ray there is the ejection of 
an electron from the extranuclear structure of the same atom that contains the 
nucleus which is radiating, the kinetic energy of the ejected electron being equal to 
the difference between the energy of the gamma-ray and the binding energy of the 
electron. 

* The name “line of electrons” is often used to describe the mo/io-enerffeiie elec- 
trons which are emitted from, for example, the ^-electron shell, when gamma-ra3rs 
undergo internal convermon. Some of the gamma-rays are converted in the L-, M-, 
etc. electron shells. The term “line” arises from the fact that with an electron 
magnetic r^ectrograph these groups of mono-energetic conversion electrons appear 
as lines on a photographic plate in contrast to the beta-particles from a beta-ray 
mnitter, whose continuous distribution in energy darkens the plate over an entire, 
very broad, energy range. 
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Another class of radioactive substances, not peculiar to artificial radio- 
activity but most thoroughly studied here, are “nuclear isomers.” Each 
member of a pair of nuclear isomers has the same atomic number and 
the same atomic weight (isotopic isobars); they represent two different 
enei^ states, the upper and the ground state, of the same nuclear species, 
differing in energy content and degree of stability. A theory which 
WdssScker (W21) has proposed in order to account for the existence of 
nuclear isomers ascribes the long lifetime of the upper, metastable state to 
a difference of several units of angular momentum between the metastable 
and ground state. This large spin difference forbids the transition from 
the upper to the lower state in a manner analogous to the forbidden transi- 
tions in optical spectra. Each isomer of a pair may be radioactive and 
decay by beta-emission with its own characteristic half-life, or the isomer 
corresponding to the upper energy state may be betaf-active while that 
corresponding to the grotmd state may be stable. Some isomers are 
genetically related to each other; the upper state, rather than decaying by 
beta-particle emission to a neighboring isobar, decays by an isomene 
transition to the ground state with the emission of a gamma-ray.® The 
first evidence for nuclear isomerism in artificial radioactivity was pre- 
sented in 1935 by Kourtchatow and coworkers (K5), and in 1937 Snell 
(S9) and Botihe and Gentner (B28) simultaneously showed that an 18- 
min. period and a 4.4r-hr. period must both be ascribed to a bromine isotope 
of atomic wei^t 80. 

m. METHODS OF CHEMIGAi IDENTIFICATION AND CONCENTRATION 

The chemical identification of artificial radioelements k based on the 
fact that isotopes are not appreciably separated by ordinary chemical 
reactions and the radioactive isotopes of a ^ven element behave in the same 
manner as the stable isotopes of the element. The property of radioactivity 
does not influence the chemical behavior (except in the case of extremely 
strong activities, and then in the same way as an external source would do). 
Thus, after a transmutation has taken place leading to the formation of a 
new and unstable nucleus, the new atom has properties determined solely 
by its new atomic number and will behave chemically in all respects like 
its stable isotope or isotopes. Often only a few millions of atoms the 
unstable transmutation product are formed. The behavior of an element 
at such a low concentration may be imc^tain in many ehmnicai procedures. 
For this reason, in order to establish the chemical id^tiiy of the transmu- 

* The present theoretical explaoiatioa for the {dtenonienon of nuclear isomerism 
leads to the prediction that the gamma-rays corr^pondii^ to an iscrioaetje tranmtion 
will undergo high internal conveimon when the energy is smrfl, — of tibe order of tens 
of kilovolts (H45,D20>. 
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tation product, it is usually ejqpedieat and often absolutely necessary to 
add a small quantity of that element which is isotopic with the expected 
or suspected transmutation product. This added material is usually 
designated by the term “carrier.” The carrier element is separated out 
chemically and in this manner one can establish a radioactivity, with a 
characteristic half-life, which is isotopic with the carrier element. 

In many cases, when the radioelement is not isotopic with the element 
from which it is formed, the radioactivity can be concentrated in a very 
small amount of material by adding and separating out only a veiy small 
amount of carrier. Such a hi^ ratio of activity to carrier matwial (high 
specific activity) is very desirable in many of the investigations which 
employ radioelements, especially in biological chemistry and physiological 
and biological studies. The specific activity may be defined as the ratio 
of the number of radioactive atoms to the total number of isotopic atoms 
with which the radioactive atoms are mixed. 

When the radioactivity is isotopic with the element which is bombarded, 
the active isotope is necessarily mixed with a larger quantity of its inactive 
isotopes. However, it is sometimes possible to effect a separation of the 
radioactive isotope from the inactive isotopes and hence a concentration 
of the radioactive isotope in a small amount of material. Szilard and 
Chahners (S28) were the first to show that radioactive iodine could be 
separated from ordinary iodine after irradiating with neutrons a non- 
ionizing oi^anic compoimd such as ethyl iodide. After the irradiation, a 
very small amoimt of free iodine was added to act as a carrier for the free 
radioactive iodine, and after this iodine was reduced and precipitated as 
silver iodide it was found to contain practically all of the radioactivity. 
This method of concentration, which has subsequently been xised to con- 
centrate a number of radioelements, is now known as the “SzUard- 
Chalmers method.” Its success depends upon the rranoval of the newly 
formed radioactive nucleus from its chemical bond in the irradiated com- 
pound. The breaking of this bond is a result of the large amount of energy 
furoMied by the recoil from the gamma-rays emitted during the neutron- 
oaptme process. The method is not limited to radioelements formed by 
hrradiation with neutrons, but in principle can be applied to other methods 
of activation. It is, of course, essential that the radioactive atoms set 
free during the bombardment do not interchange with their isotopic atoms 
in the irradiated chemical compoimd. As examples of the application of 
this method, radioactive iodine, bromine, and chlorine can be concentrated, 
uting tither organic compounds or the inorganic halogenates. Similarly, 
mangan^ dioxide predpitated from an irradiated permanganate is found 
to carry most of the radio3nanganese under certain conditions. When- 
ever it is desired to use tins method in order to produce a radioactive 
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isotope with a hi^ specific activity, a search is made for a compomd 
which contains the element in a form whidi will not interchange with the 
freed radioactive atoms and from which the radioactive atoms will be 
liberated during and separable after the irradiation process. 

Erbacher and Philipp (E8), Lu and Sugden (142), and Eoginsky and 
Gopstein (E21) have developed a number of excellent methods for the ex- 
traction with high yields of very concentrated radioactive halogens from 
neutron-irradiated 'organic halides. One of the techniques employed by 
Erbacher and Philipp CE8) depended upon the absorption of the radioactive 
atoms on active charcoal, and Eoginsky and Gopstein (E21) have used 
aluminum oxide and active charcoal as absorbents. Majer (M25, M31) 
has used a trace of colloidal gold to supply condensation nucld for the 
deposition of active gold atoms formed in a neutron-irradiated, alkaline 
gold chloride solution. 

A method for the chemical separation of genetically related nuclear 
isomers, which is a modification of the Szilard-Chalmers method, has 
been invented by Segrfe, Halford, and Seaboi^ (SIO). The element which 
contains the radioactivity corresponding to an upper isomeric energy 
state is made into a compound suitable for the application of the Szilard- 
Chalmers method of concentration; the daughter radioactivity, which 
corresponds to the ground state and which is liberated from this compound 
as a result of the isomeric tranrition,’ is then chemically separable from the 
parent radioactivity. Segrb, Halford, and Seaborg (SlO) used this method 
to extract the bromine radioactivity of 18 min, half-life, in the form of 
hydrobromic add, from its parent isomer of 4.4 hr. half-life, which was 
present as tertiary butyl bromide. DeVault and libby (D12) made the 
same separation by precipitating silver bromide from an ammoniacal solu- 
tion which contained the 4.4-hr. radioactivity in the form of the bromate, 
while Le Roux, Lu, and Sugden (L36) separated the 18-min. radioactivity 
as silver bromide from both ethylene dibromide and re-butyl bromide. 
Seaborg, Livingood, and Kennedy (S15) have applied this isomer separa- 
tion technique to tellurium to extract three dav^ter radioactivities 
from thdr three parent radioactiviti^, and Langsdoif and S^rh (L30)* 
have separated a pair of isomers in selenium. A more complete diiseusd<m 
of the work which has been done on the Szilard-Chalmers and isomer 
separation methods appears in section YII. 

In some cases when the tran^utation product is not isotopic with the 
target element, it is possible to separate it from the target element without 
the use of carrier. This ^ves the pure radioactive element, or compound 

* The mechanism of the bond-rapture process, whichse^ns to depend upon internal 
conversion of the tranmtion gammsAray, has been investigated in some detail and 
will be discussed in section VII. 
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of the element, in much too small an amount to be seen, detectable only 
by its radioactivity. A few examples will serve to illustrate the type of 
physical and chemical properties which may serve to make such a separa- 
tion feasible. 

Haissinsky (H34) separated pure radiocopper, produced by neutron 
bombardment of 2 iQC, by means of electrochemical deposition on lead, 
while Steigman (S29) effected the same separation by electrolysis. Segrfe 
(S30) found that the radiosodium present in a sample of magnesium 
hydroxide, after deuteron bombardment of the magnesium, could be dis- 
solved out of the hydroxide quantitatively by treating it with water. 

Partition between solvents affords another method for separating the 
radioactive isotope in its pure form in the absence of carrier material. 
Grahame and Seaborg (Gll) have used the partition between ether and 
6 N hydrochloric acid to separate pure radiogallium from zinc as well as 
radiomanganese and radiocobalt from iron. 

When there exists a large difference in the boOing points, this may be 
used to effect a separation. For example, a gaseous, radioactive trans- 
mutation product can be easily separated from a non-gaseous target 
element or parent element. Alvarez, Helmholz, and Nelson (A12) have 
separated practically pure radiocadmiiim by collecting the vapor after 
heating deuteron-activated silver to its melting point. 

When the radioactive transmutation product forms an extremely in- 
soluble compoimd, it should be possible to collect the invisible precipitate 
on the walls of the containing vessel after centrifugation, as has been done 
for many of the naturally radioactive elements (H52, C36, H39). 

Another method of separation depends on the fact that the newly 
formed radioactive atom may have lost one or more of its extranuclear 
electrons at the moment of formation as a result of the recoil given to it 
by the gamma-ray emitted during the capture process. The charged 
atoms formed in this manner may be collected, during the bombardment 
of either a gaseous or a liquid substance, with the aid of an electric field. 
This method of concentration, which is sometimes applicable even when 
•the radioactive product is isotopic with the target element, has been 
^ployed by Fermi and his associates (Al) and by Paneth and Fay (Pll) 
and Govaerts (G15). The collection of recoil radioactive atoms produced 
during bombardment with charged particles can also be used as a method 
for obtaining concentrated radioactive samples (S3). 

Erbacher (ElO) and Maier-Leibnitz (M30) have devised means to extract 
radioactive of very high specific activity from carbon disulfide which 
has been bombarded with fast neutrons. 

When the transmutation product is isotopic with an element of which 
no stable isotopes have been found in nature or which is very rare and 
not available for use as carrier for the radioactive isotopes, the matter of 
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chemical separation becomes more diflScnlt. For example, Perrier and 
Segrfe (P12) found that the deuteron bombardment of molybdenum 
produced radioactive isotopes of element 43. Since no stable element 43 
is available, the chemical identification was carried out with the aid of 
rhenium, an element in the same group of the Periodic Table, which was 
expected to have very similar chemical properties to element 43. Simi- 
larly, Corson, MacKenzie, and Segrfe (C46, C23) were able, with the aid of 
iodine as a carrier, to identify as element 85 a radioactive transmutation 
product produced from bismuth plus 32-Mev. alpha-particles. McMillan 
and Abelson (M28) were able to show by means of a series of chemical 
experiments that one of the radioactivities formed when uranium is 
bombarded with neutrons must be ascribed to element 93. 

rV. METHODS FOB DETECTION OP BADIATIONS 

There are a number of different types of instruments that are used for 
the measurement of the intensity of the radiations from radioactive sub- 
stances (L25). No attempt will be made to describe all of them, but some 
of those which are being xised at present by workers in this field will be 
mentioned briefly. The best type of instrument for a given problem 
depends upon the type and energy of the radiation and upon the sensitivity 
and stability which is required. A knowledge of the absorption curve for 
the radiation to be measured is often very important, especially if the radia- 
tion is of very low energy (i.e., very soft), since this will make it necessary 
to pay particular attention to the effect of self-absorption in the sample 
and to use a detection device of the proper design. 

One of the simplest mstruments, widdy used, is the Lauritsen modifica- 
tion of the electroscope, known as the “quartz-fiber electroscope” (144). 
The electroscope is usually used inside an ionization chamber, which may 
be filled with any gas, although air is usually used for convenience, and the 
rate of drift of the fiber across a scale is measured. This instrument, 
which is suitable for the detection of all types of radiations from radio- 
active substances, is one compact unit and requires for its operation only 
a D.c. potential source of the order of 200 volts. Its sensitivity is not as 
large as that of some of the other detection devices. The quartz-fiber 
electroscope can be used to best advantage with a radioactivity whose 
intensity is of the order of microcuries (10"® curies^), although intensities 
which are 1 per cent, or even 0.1 per cent, as strong as this can be measured- 
' A more sensitive arrangement of the integrating type, also suitable for 

^ The ‘‘curie,” originally the name for the amount of radon in equilibrium with 
1 g. of radium, is now usually taken as the name for the general unit of intensity in 
radioactivity; a curie of any radioactive material undezgoey^ the same number of 
disintegrations per unit time as I g. of radium, namely, 3.7 X 10^® disintegrations 
per second. 
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the detection of all types of radiation from radioactive substances, is 
obtained ■with an ionization chamber connected to some kind of an elec- 
trometer. Segrh (S44), Amaldi and Fermi (A13), Barnes (B29), and 
Montgomery and Montgomery (M33) have given descriptions of the con- 
struction of various types of ionization chambers. These chambers, 
■which usually consist of an outer cylinder ■with a central, coaxial electrode, 
require 300 to 400 volts of n.c. potential for ■their operation and may be 
designed so as to contain any gas. The gas maybe at atmospheric pressure, 
which is necessary when a thin ■window is used, or higher pressures may be 
used to increase the detection sensiti^vity for penetrating radiation such 
as gamma-rays. The measurement of extremely soft radiation can be 
accomplished by introducing the sample into the inside of the ionization 
chamber. Any sensitive electrometer can be used; both the Edelmann 
electrometer and the Perucca electrometer have been used in practice and 
found to be particularly satisfactory. Various vacuum-tube electrometer 
systems have been described by Hafstad (H35), DuBridge and Bro^wn 
(D16), and Barth (B30). The ionization current is amplified by a single- 
tube D.c. amplifier and is read as a deflection on a senative galvanometer; a 
modification in which the “rate of drift” of the galvanometer current is 
read increases the sensitmty for the measurement of the radiations from 
weak samples (intenaties of tbe order of 10^^ microcuries can be measured) . 

An ionization chamber of a different design can be used to detect single, 
hea^nly ionizing particles, such as protons, alpha-particles, etc., when 
coimected to a hi^-gain, multiple-stage, a.c. (pulse) amplifier as described 
by Dunning (D17). Electrons and gammarrays (which show themselves 
only by the electrons liberated from the material they pass through) are 
not recorded with this arrangement. 

The most sensitive detection device is the Geiger coxmter (G12), also 
known as the “point” counter, an instrument which detects individufd 
ioniting particles of all kinds. A modification of the original Geiger 
counter which is now widely used is the Geiger-Muller counter (G13), 
which is also known as the “tube” counter and the “Zahlrohr.” Witii 
this instrument it is possible to detect the ionizing particles from a source 
as weak as 10“® microcuries. The Ge^r-MuUer counter consists of a 
cylinder and a coaxial ■wire which is insulated from the cylinder. It is 
filled with some gas such as air or argon at reduced pressure and is operated 
with a negative voltage of 500 to 5000 volts on the outer cylinder. The 
passage of an ionizing particle through the counter causes a temporary 
electrical breakdown betweai the outer cylinder and the central wire, and 
this pulse is usualty amplified by an a.c. (pulse) amplifier to a stage where 
it is capable of operating a mechanical recorder in a recording circuit. In 
egate of the vast amount of research which has been done, it is felt by many 
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Ijiat the construction and operation of the Geiger-Mhller counter is still 
somewhat more of an art than a science. Neher (S31) gives an excellent 
description of the construction of several types of counters and of various 
vacuum-tube circuits for their operation. Hamblin and Johnson (H53) 
have also given a good discussion of counters and counting apparatus. 
Olson, Libby, Long, and Halford (03) and Bale, Haven, and LeFevre (B47) 
have described Geiger-Mfiller counter arrangements which can be used to 
measure the radiations from radioactive substances in solution. 

When the particle radiation from the radioactive element is of very low 
energy, the radioactive material, in the form of a gas, can be introduced 
into the interior of an ordinary ionization chamber (L30) or Geiger-Miiller 
coimter (R17, S33). An arrangement which allows a radioactive sample 
of solid mteriai to be introduced into the interior of a counter, and which 
allows background counts to be made while such a sample is iamde, is the 
“screen-wall” counter described by Libby (L50) and Idbby and Lee (L51). 
Of course, when the low-energy particle radiation is accompanied by 
gamma-radiation it may not be necessary to introduce the sample into the 
interior of the counter or ionization chamber. However, the lower effi- 
ciency of gamma-ray detection makes it necessary to have strong samples 
for measurements which depmxd entirdy upon gamma-radiation. 

The “proportional” counter, first described by Ge^er and Klemperer 
(G14), is a modification of the Geiger and the (Jeiger-MuUer coimter which 
is operated at a lower voltage (and with a hi^er gain pulse amplifier), 
so that only heavily ionizing particles such as protons, alpharparticles, 
etc., are detected. A description of this tjrpe of counter arrangement, 
which does not re^nd to electrons and gamma-rays, has been given by 
Brubaker and Pollard (B31). 

For most work involving the use of the radioelements as indicators tke 
choice of detection device will be made from the following group: (1) 
electroscope, (S) Geiger-Mtiller counter, or (S) int^ratirg ionization 
chamber.^ These instruments can be used to obtain absorption curves 

* Only a very rough comparison of the costs of the above instruments can be made. 
An ordinary Lauritsen electroscope can be purchased as a ennde unit (excluding 
batteries) for about forty-five dollars from the F. C. Hensen Company, 3311 E. 
Colorado Street, Pasadena, Califomia. Qeiger-Mfiller counter equipment is also 
available commercially. Geiger-Mfiller counter tubes, of various designs, can be 
purchased for twenty-five to thirty dollars each from the W. M. Welch Scientific 
Company, 1515 Sedgwick Street, Chicago, Illinois, and at a price of about ten to 
twenty dollars each from Herbach and Rademan, Inc., 522 Market Street, Phila- 
delphia, Pennsylvania. The latter company also sells all the amembled auxiliary 
equipment necessary for the operation of a Geiger-Miiller counter, at a price ran^ng 
from one hundred to one hundred fifty dollars. Althou^ the construction cost of an 
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in order to determine the raiergy of radiations from radioactive substances. 
The upper energy limits of beta-particles are usually determined with the 
help of the relationship of Feather (F13), R = 0.5435^ — 0.160, where R 
is the range in grams per cm.® of aluminum and E is the energy in Mev. 
(good only for E > 0.6 Mev.), while for gamma-rays the correlation of 
ene]®r with absorption coeflEicient as listed in the table compiled by Gent- 
ner (G17) can be conveniently used. 

Brief mention should also be made of other experimental arrangements 
which are used primarily for detailed studies of the properties and energy 
of radiations. The spectrograph or spectrometer (Ell, L54) uses a mag- 
netic or electric field to bend, to an extent dependent upon their energy, 
the betarparticles, the internal-conversion electrons, or the secondary 
electrons from gamma-rays. The particles are detected either by a 
photographic method or by a counter or ionization chamber. Another 
arrangement involves two or more counters connected to an amplifier of a 
type which records the counts only when the counters discharge simulta- 
neously (B38). This “coincidence counter” arrangement is often used to 
determine the eneigy of gammarrays by determining the absorption curve 
of the secondary electrons which are producing the coincidence counts. A 
complete discussion of tine theory and practice of coincidence counting has 
been given by Dunworth (D23). Fiaally, there is the expansion chamber 
or cloud chamber of Wilson (W17) (usually used with a magnetic field), 
in which can be seen and photographed the water drops which condense 
along the path of an ionizing particle. 

Another instrument which should be mentioned is the secondary electron 
multiplier tube as adapted to counting purposes by Allen (A15). This 
device, which detects angle positive ions, electrons, and photons by pro- 
ducing a large current of secondary electrons inside a single vacuum tube, 
is most useful for special problems in physics where work in a vacuum and 
an extremely low background (< one count per minute) are paramount 
factors. 


V. TVPES OF EEACTEONS AND METHODS OF PRODUCTION 

Table 1 presents a list of the known stable isotopes together with their 
relative abundances.* (The more abundant natural radioelements, 
marked with the sign f, are included.) All of the artificial radioelements 

integtating ionization chamber will depend largely on the facilities available, the 
total price of such a chamber and good auxiliary equipment will probably amount to 
two hundred dollars or more. 

• This table is taken from the article of livingood and Seaborg (li35). Attention 
is called to the very complete review article on the stable isotopes recently pub- 
lished by Hahn, Mfigge, and Mattauoh (H36}. This includes exact mass and pack- 
ing fraction values obtained from both mass spectrographic and transmutation data. 
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TABLE 1 


Stable isotopes of the elements 


z 

ELEMENT 

A 

PEB CENT ‘ 
ABXTNDANCE 

Z 

ELEMENT 

A 


1 

H* 

1 

99.98 

16 

s 

32 

95.0 



2 

0.02 



33 

0.74 







34 

4.2 

2 

He 

3 

~10““ 



36 

0.016 



4 

100 









17 

Cl 

35 

75.4 

3 

Li 

6 

7.9 



37 

24.6 



7 

92,1 









18 

A 

36 

0.307 

4 

Be 

9 

100 



38 

0.061 







40 

99.632 

5 

B 

10 

18.4 







11 

81.6 

19 

K 

39 

93.3 







40t 

0.012 

6 

C 

12 

98.9 



41 

6.7 



13 

1.1 

20 

Ca 

40 

96.96 







42 

0.64 

7 

N 

14 

99.62 



43 

0.15 



15 

0.38 



44 

2.06 







46 

0.0033 

8 

0 

16 

99,76 



48 

0.19 


! 

17 

0.04 






i 

1 

18 : 

0.20 

0 

21 

Sc 

45 

100 

9 

F i 

19 

100 

22 

Ti 

46 

7.95 







47 

7.75 

10 

Ne 

20 

90.00 



48 

73.45 



21 

0.27 



49 

5.51 



22 

9.73 



50 

5.34 

11 

Na 

23 

100 

23 

V 

51 

100 

12 

Mg 

24 

77.4 

24 

Or 

50 

4.49 



25 

11.5 



52 

83.77 



26 

11.1 



53 

9.43 







54 

2.30 

13 

A1 

27 

100 









25 

Mn 

55 

100 

14 

Si 

28 

89.6 







29 

6.2 

26 

Fe 

54 

6.04 



30 

4.2 



56 

91.57 








2.11 

15 

P 

31 

100 



58 

0.28 


t Natural radioactivity, 
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TABLE 1— Continued 


z 

IpT ■TT.MTB'Wnr* 

A 

FEB CB29T 
ABTTNBANGB 

z 

BLEMEBT 


FEB CENT 
ABUin>AECE 

27 

Co 

67 

0.17 

37 

Rb 


72.3 



59 

99.83 




27.7 

2S 

Ni 

58 

68.0 

38 

Sr 

84 

0.56 



60 

27.2 



86 

9,86 



61 

0.1 



87 

7.02 



62 

3.8 



88 

82.56 



64 

0.9 

39 

Y 

89 

100^ 

29 

Cu 

63 

68 







65 

32 

40 

Zr 

90 

48 







91 

11.6 

30 

Zn 

64 

66 

50.9 

27.3 



92 

94 

22 

17 



67 

3.9 



96 

1.5 



68 

17.4 


Cb 





70 

0.5 

41 

93 

100 




61.2 

42 

Mo 

92 

15.5 

31 

Ga 

69 



94 

8.7 



-71 

38.8 



95 

16.3 







96 

16.8 

32 

Ge 

70 

21.2 



97 

8.7 



72 

27.3 



98 

25.4 



73 

7,9 



100 

8.6 



74 

37.1 







76 

6.5 

44 

Ru 

96 

5 







98 

? 

33 

As 

75 

100 



99 

12 







100 

14 

34 

Se 

74 

0.9 



101 

22 



76 

9.5 



102 

30 



77 

8.3 



104 

17 



78 

24.0 







80 

48.0 

45 

Rh 

101 

0.08 



82 

9.3 



103 

99.92 

35 

Br 

79 

50.6 

46 

Pd 

102 

0.8 



81 

49.4 



104 

9.3 







105 

22.6 

36 

Kr 

78 

0.35 



106 

27.2 



80 

2,01 



108 

26.8 



82 

11.53 



110 

13.5 



83 

11.53 







84 

57.10 

47 

Ag 

107 

52.5 



86 

17.47 



109 

47.5 


t Natural radioactivity. 
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TABLE 1 — Continued 


z 


A 

Wlf 

H 


Hi 

PBBCEKT 

ABTTNDAirCB 

48 

Cd 

106 

1.4 

65 

Cs 

133 

100 



108 

1.0 







110 

12.8 

56 

Ba 

130 

0.101 



111 

13.0 



132 

0.097 



112 

24.2 



134 

2.42 



113 

12.3 



135 

6.59 



114 

28.0 



136 

7.81 



116 

7.3 



137 

11.32 







138 

71.66 

49 

In 

113 

4.5 

- 






115 

95.5 

57 

La 

139 

100 

50 

Sn 

112 

114 

1.1 

0.8 

58 

Ce 

136 

138 

<1 

<1 



116 

0.4 



140 

90 



116 

15.5 



142 

10 



117 

9.1 





118 

22.5 

59 

Pr 

141 

100 



119 

9.8 





120 

28.5 



142 




122 

6.5 

60 

Nd 

25.95 



124 

6.8 



143 

13.0 






144 

22.6 

61 

Sb 

121 

56 



145 

9.2 


123 

44 



146 

16.5 







6.8 

52 

Te 

120 

<0.1 



mm 

5.95 



122 

2.9 



HI 




123 

1.6 

62 

Sm 

19 

3 

i 


124 

4.5 



19 

17 



125 

6.0 



■ESI 

14 



126 

19.0 



149 

15 


j 

1 

128 

32,8 



150 

5 


1 

130 1 

33.1 



152 

26 


j 





154 

20 

S3 

I 

1 

127 

100 

63 

Eu 

151 

49.1 

54 

Xe 1 

124 I 

0.094 


j 

j 

153 

50.9 


i 

126 

0.088 


i 





128 

1.90 

64 

Gd i 

152 

0.2 



129 

26.23 



154 

1.6 



130 

4,07 



155 

20.7 



131 

21.17 



156 

22.6 



132 

26.96 



isr 

16.7 



134 

10.64 



158 

22.6 



136 

8.95 



160 

15.7 


t Natural radioactivity. 
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are prepared from these isotopes with the help of various kinds of bombard- 
ing particles, such as neutrons, deuterons, alpha-particles (helium ions), 
protons, high-energy gammariays, and x-rays. The artificial radioele- 
ments with mass numbers smaller than those of the stable isotopes of the 
same element reach stability by the emission of positrons (or by if-electron 
capture); those with larger mass numbers attain stability by the emission 
of negative beta-particles. A radioelement whose mass number lies 
between the mass numbers of two stable isotopes is usually a negative 
beta-particle emitter. 

In order to identify completely a radioactivity it is necessary to establish 
the mass number of the active isotope as well as the atomic number, which 
is identified by the chemical separations. The mass number of the radio- 
active isotope can be deduced sometimes from a study of the known mass 
numbers of the stable isotopes of the target element after the chemical 
separation has established the type of reaction; often the identification 
must be made by the method of ^'cross bombardment,” i.e., the prepara- 
tion of the radioactive isotope by several independent nuclear reactions. 
The bombardment of separated isotopes should offer a powerful method 
for the isotopic identification of induced radioactivities, in view of the 
excellent isotope separation methods which have been recently developed 
by Urey and associates (H46), by Clusius and Dickel (034), and by Beams 
and associates (B42). For example, Kennedy and Seaborg (K18) bom- 
barded separated chlorine isotopes in order to make an isotopic assignment 
of a radiochlorine isotope. Isotope separation experiments performed 
after bombardment should also prove useful for isotopic identification. 
However, for the use of a radioactive substance in a chemical or biological 
problem a knowledge of the atomic number is sufficient, and radioactive 
isotopes whose mass numbers have not been established can be used. 

When a radioactive isotope is formed as the result of a reaction which 
involves a rare isotope, the bombardment of the separated isotope will, 
of course, result in a larger yield. That this may be a matter of practical 
importance is strikingly shown in the case of the long-lived radiocarbon 
of Ruben and Kamen, which is produced by the deuteron-activation of 
carbon. Its long half-life and the fact that it is made from G^, an isotope 
of 1 per cent abtmdance, leads, imder the present methods of production, 
to rather low intensities. However, the bombardment of nearly pure 
now avaihible in good quantity as a result of the experiments of Urey 
and coworkers, makes it possible to increase the yield by a factor which 
may become nearly as large as 100. 

The type reactions leading to the formation of the artifidal mdiodemaats 
will now be described (these reactions also oftoi lead to the production of 
stable isotopes). For brevity it will be convenient to a simplified 
notation, rather than to write out tiie entire reaction each time. For 
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example, the bombardmeiit of iron with neutrons to produce radiomangar 
nese will be described by re“ (»,p) Mn“, rather than by the more cumber- 
some equation 

jjFe* "h — >■ ssMn®* -H 

(where the superscripts denote mass numbers and the subscripts atomic 
numbers). The notation n = neutron, p = proton, a = alpha-particle, 
d = deuteron, and y — gammarray will be used. 

The discussion which follows will also include a few statements regarding 
the yield of radioelements formed in the various reactions. It must be 
emphasized that only rov^ qualitaidve statements can be made, since the 
atuation is too complex to allow a quantitative treatment in a few words. 
No summary of experimental data on the various reaction yields and the 
variation of the yields with raiergy and atomic number has been published; 
a summary of this type awaits more systematic data. Weisskopf and 
Ewing (W26) have recently published an excellent theoretical treatment 
of the 3delds from neutron, proton, and alpha-particle reactions. 

It may be helpful to point out that the considerations of Bohr (B32, 
B33) have led to the view that the transmutation which occurs as the result 
of the impact of any particle with an atomic nucleus (with a few excep- 
tions) proceeds by a mechanism which must be treated as two independent 
processes: namely, (1) the amalgamation of the particle with the nucleus 
to form an intermediate metastable compound nucleus, and (^) the even- 
tual breaking up of the intermediate nucleus into the end products. 

1. Netdronreadions 

Neutrons are obtained from two types of sources, — (1) artificial and {2) 
those which utilize the radiations from the natural radioelements. The 
neutrons from the latter type are usually produced by the reaction Be® 
(a,») C“ and the sources may be prepared by mixing powdered beryllium 
with alphar-particle emitters such as radium, radon, or polonium. Neu- 
trons produced in this manner have a more or less continuous distribution 
in enej^ extending up to about 13 Mev. (million electron volts"^®) for radon 
alpha-particles (D21, B39). The action of mono-energetic gamma-rays 
(of sufficient energy) on beryllium and on deuterium gives rise to mono- 
energetic neutrons, usually known as “photo-neutrons,” with energies of 
the order of hundreds of kilovolts when gammar-rays from the natmal 
radioelements are used. 

Artificial sources of neutrons are obtmned by bombarding various die- 

The electron volt, a unit of energy widely used in atomic and nuclear physics, is 
equal to 1.59 X ergs (the amount of energy acquired by a particle of electronic 
charge itiien it falls through a potential difference of 1 volt). 
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ments "with fast-moving charged particles, the energy of the neutrons 
depending upon the energy of the bombarding particles. Ho-wever, the 
neutron energies have a very strong dependence upon the reactions used 
for their production, so that, taldng into account the e^erimental condi- 
tions bemg used at pr^ent for their production, certain very rough state- 
ments can be made with regard to the energies of neutrons from various 
artificial sources. Two common sources are (1) deuterons (say 6 to 10 
Mev.) on beryllium (the Be -t- D source), giving neutrons with enei^es 
extending up to about 13 Mev., and (2) deuterons on deuterium (the D— D 
source). The D— D source is used to most advantage when deuterons 
with energy of the order of a few hundred kilovolts are available, and 
under these conditions gives rise to neutrons within the narrow energy 
range of 2.5 to 3 Mev. The bombardment of lithium or boron with 
deuterons produces neutrons with enei^es extending up to about 20 Mev. 
Neutrons in this high energy range are produced also by the bombard- 
ment of beryllium with very high energy (e.g., 16 Mev.) deuterons. 

Common usage has evolved a roitgh classification of neutrons into groups 
on the basis of their energy. “Very fast” neutrons, often called “fast” 
neutrons, are those, e.g., from a lithium plus deuteroixs (li + D) or boron 
plus deuterons (B -f D) source, with energies extending from about 20 
Mev. to about 10 Mev., while neutrons with energies within the range 
startmg at about 10 Mev. and extending down to an indefirdte energy 
region (of the order of thousands of electron volts) are known as “fast” 
neutrons or “medium fast” neutrons (especially those at the lower end of 
this eneigy range). “Slow” or “thermal” neutrons is the name pven 
to those neutrons which have suffered a sufficient number of coUisioim, 
usually with hydrogen nuclm as the result of passage throu^ paraffin or 
water, to slow them to thermal velocities, that is, about 0.025 electron 
volt of eneigy. Slow neutrons were discovered by Fermi and coworkers 
(Al), and these authors ^ve a discussion of their properti^ and of the 
slowing process. Neutrons in the energy range immediately above the 
thermal range are sometimes designated as “resonance” neutrons, a result 
of the fact that many nuclei absorb such neutrons only within extremely 
narrow energy ranges, that is, absorb th^ in a resonance fa^on. 

Reactions between neutrons and nucM produce artificial radioelements 
by four main types of transmutations: ( 1 ) the ample, radiative capture, 
known as the n,y reaction; (2) neutron capture followed hy proton emis- 
sion, or the n,p reaction; (S) neutron capture with alpha^-particle emission, 
tile n,a reaction; and ( 4 ) neutron capture followed by the emission of two 
neutrons (net eiipuMon of one neutron), or the «, 2 n reaction. The * 1,7 
and n, 2 n reactions pve radioelements which are isotopic with the target 
dement, and hence the Stilard-Chalmers method of ccmcentration is ured 
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wheB it is desired to obtain a ratio of activity to inactive material, 
that is, a high specific activity. When the n,p or «,« reactions are used 
or the Szilard-Chahners method employed, large amounts of material 
can be used effectively in order to obtain large specific activities. Eadio- 
elements formed in the n,2n reaction are largely positron emitters, while 
the other reactions usually lead to negative beta-particle emitters. 

The n,y type of activation occurs largely with slow neutrons and only 
to a smaller extent with fast neutrons. Elements throughout the entire 
range of the Periodic Table can be activated in this manner; the cross 
sections for slow neutron absorption, which are extremely large for some 
elements, vary in an irregular manner from element to element and from 
isotope to isotope. The n,p and n,« transmutations require fast neutrons 
(except for two or three cases in the lightest elements). The energy re- 
quired increases regularly as one proceeds up the Periodic Table, smce the 
outgoing charged particles must escape the nuclear potential barrier, and 
for atomic numbers as hi^ as 50 only the “very fast” neutrons are effec- 
tive. The n,2n reaction requires “very fast” neutrons because the net 
result is the expulsion of a neutron, whose binding energy amounts to 
about 8 Mev. for most of the elements. 

There is another type of activation by fast neutrons which involves 
those isomers in which the groxmd state is stable. The kmetic energy of 
the captured neutron excites tiie nucleus to its upper, radioactive, isomeric 
state, a neutron being re@mitted, with reduced energy, after the excitation 
process. In keeping with our method of writing nuclear reactions, this 
method of excitation is known as an n,n proems and a typical example is 
written In^“ (n,n) In^*. (The asterisk, as used here, denotes a radio- 
active isomer of a stable nucleus.) 

B. Devteron reactions 

The most intense radioactivities are, in general, induced as the result of 
bombardments with hi^-energy deuterons which are produced in the 
“cyclotron” of Lawrence and Livingston (L37, L33). Most of the cyclo- 
trons which are now in operation are producing deuterons of 5- to IQ-Mev. 
ener^ and currents of 10 to 200 microamperes; the 60-in. cyclotron at 
Berkeley is furnishing 16-Mev. deuterons at 100 to 200 microamperes 
(L38). Other t 3 q)es of artificial sources induce radioactivities of lower 
intensities, siace they produce deuteron beams of much lower energy. 

Artificial radioelements, both negative and positive betarparticle emit- 
ters, are produced by deuterons in the foUowii^ ways: (1) deuteron capture 
and proton enission, known as the d,p reaction, which is, since the net 
result is the capture of a neutron, equivalent to the n,y reaction; (B) 
deuteron capture followed by neutron emisaon, or d,n reaction; and (s) 
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deuteron capture -with alpharparticle emission, the d,a reaction. The 
3 rields from all of these reactions increase with increasing energy of the 
deuterons and, for a given deuteron energy, decrease with increasiz^ 
atomic number of the target element. This decrease is most marked for 
the d,a reaction, since the outgoing, doubly charged alpha-particles must 
penetrate the Coulomb barrier of the nucleus (for example, with 8-Mev. 
deuterons this reaction is not observed for nuclei of atomic number as 
high as 60, while the d,p and d,n reactions are observed throughout the 
entire range of the Periodic Table). It should be pointed out that the 
d,p reaction occurs largely by a mechanism known as the Oppenheimer- 
Phillips process (07, V9), wherein the deuteron, upon approaching the 
nucleus, is polarized m such a manner as to g^ve rise to the capture of the 
neutron without the usual amalgamation of the bombarding particle 
(deuteron) to form a temporary intermediate nucleus. 

Eadioelements are also produced by the d,2n transmutation, especially 
when the deuterons have an energy as high as 16 Mev. The d,y and 
d,d reactions have not yet been established. 

A few examples will serve to illustrate the intense radioactivities which 
are induced with deuterons. The bombardment of copper for 20 min, 
with 20 microamperes of 8-Mev. deuterons produces Cu** (haK-life 12.8 
hr.), by the reaction Cu® (d,p) Cu“, with an intenmty of about 5 millicuries, 
(i.e., 5 X 10“* curies). Such a sample would pve a dischai^e rate corre- 
sponding to about 10^ times tire natural background of an ordinary, 
Lauritsen, quartz-fiber electroscope. In a typical experiment a 4-hr. 
bombardment of phosphorus with 100 microamperes of 16-Mev. deuterons 
produced about 60 millicuries of P® (half-life 14.3 days or 1.24 X lo* sec.) 
by the reaction P® (d,p) P®. With the aid of tire relation — dW/df = X2V, 
where —dN/dt is the number of disintegrations per second and X the 
disintegration constanti^, we find for N, the nzmaber of active atoms, 
3.7 X low X 0.05 X 1.24 X 10*/0.69 = 1/3 X 10». This corresponds to 
approximately one-sixth of a microgram of radioactive P®. It serans cer- 
tain that it will soon be possible to produce wei^bable amounts of the 
very long-lived transmutation products. 

S. Alphor^oarikile Qieliwn ion) reactions 

Helium ions which are accelerated by electrical means are entirely 
equivalent to alpharparticles from the natural radioelements and therefore 
are often called alpharparticles. However, artificially accelerated hdlum 
ions, because of the lar^r intensity, of particles available, ^ve largely 
displaced the natural alpharparticles for the production of radiodbmeats. 

uThe dismtegration eonstaat, X, defined by ibe eqoatioa. —dN/dT XAiT, is 
equal to 0.69 divided by the hahf-life. 
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For example, 100 mg. of radium (with its decay products) emits about 10“ 
alpha-particles per second, spread out in all directions, while 1 microampere 
of idpha-particles corresponds to 10“ particles per second, directed upon 
the tai^et. When the cyclotron is in adjustment for deuterons it is also 
almost in adjustment for alpha-particles, since deuterons and helium ions 
have nearly the same value of e/m, and because the alpha-particles have 
the same vdocity and twice the mass they attain twice the energy that 
deuterons do when they are accelerated with the same voltage. Most 
of the cyclotrons now in operation furnish alpha-particles of 10- to 16-Mev. 
energy. The 60-in. Berkeley cyclotron is producing 32-Mev. alpharparti- 
cles at eurraits of 10 to 20 microamperes. 

Artificial radioelements, both negative and positive beta-particle emit- 
ters, are produced as the result of alpha-particle capture followed by 
neutron emission, the a,n reaction, and by alpha-particle capture and 
proton emission, the a,p reaction. The yields increase with increasmg 
energy of the projectile and, for a given energy, decrease with increasing 
atomic number. The a,n reaction occurs with elements throughout 
almost the entire Periodic Table when 16-Mev. alpharpartides are used, 
while the reaction is a very rare occurrence for elements of atomic 
number as high as 50. 

The a, 7 reaction has not yet been observed, althou^ it mig^t be ex- 
pected to occur at an energy below that of the a,n thrediold. The a,2n 
reaction has been shown to occur with 32-Mev. alpharpartides, and the 
calcuhitions of Weisskopf and Ewing (W25) predict that this reaction 
should be important for particles of such high eneigy. The a/pn (or 
a,<f) reaction has also been observed at hi^ energies. 

The excitation of nuclei by a process which mi^t be designated as an 
a, a reaction is another method of activation which occurs with alphar 
particles. Theoretical considerations of Weisskopf (W26) suggest, how- 
ever, that th^ activation occurs as a result of an interaction between the 
dectric fields of the alpharparticle and the nucleus and not as a capture 
and reSmission of the bombarding particle as in the case of the n,n reaction. 

4. Proton reactions 

Just as in the case of deuterons and alpha-partides, the cyclotron offers 
the best source of high-eneigy protons. Many investigators, especially 
DuBridge and coworkers, have prepared a laige number of radioelements 
by means of proton bombardments. 

The most common reaction is the capture of the proton followed by 
neutron mnission, or the p,n reaction, produdi^ mainly elements which 
decay by poatron mnission (or FT-dectron capture). The yidd increases 
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witii the energy of the proton and decreases with the atomic number of the 
target element. This transmutation is observed throu^out the entire 
range of the Periodic Table when 6,5-Mev. protons are used. If the 
ra(fioactiye substance formed in a j>,n reaction emits positrons and thus 
returns to the target element, the energy threshold for the reaction is 
equal to the difference between the neutron and hydrogen mass (0.8 Mev.) 
plus the mass of two electrons (1.0 Mev.) plus the upper energy limit of the 
positron spectrum from the radioactive substance. (Similarly the eneigy 
thre^old for the formation of a positron emitter from a d,2n reaction is 
equal to 4.0 Mev. plus tiie positron upper energy limit.) When the 
radioactive product decays by .K-electron capture, the eneigy thre^old 
may be as much as 1 Mev. lower than that which would be calculated 
for the formation of an emitter of zero-energy poatrons. 

The radiative capture of the proton, known as the reaction, is 
observed with the very lightest elemaits, and it has also been observed 
with a few elements of medium weight (Z = 30). This reaction is im- 
portant only at energies below or near the threshold for the p,n reaction. 
The yield from this reaction, especially for the very li^test elements, 
exhibits sharp maxima at certain sharply defined energies of the protons 
corresponding to definite “resonance levels.” 

The p,a reaction has been reported only rarely but will certainly be a 
common occurrence when protons of higher energy become the object of 
experimentation. Similarly, the p,2n reaction is to be anticipated at hi^ 
enei^es. The utilization of the kinetic ^etgy of protons to excite nucld 
by the p,p reaction occurs, as in the case of the n,n and the «,a reactions. 

S. (jhmma-ray reactions 

Gammarrays of very high energy are capable of ejecting neutrons from 
atomic nuclei to produce radioelements by the y,n reaction, a type of 
transmutation also known as “photo-disint^ation.” Bothe and Gentner 
(B20), who have studied this reaction using the 17-Mev. gammarrays pro- 
duced in the reaction of protons with lithium and the 12-Mev. gammarrays 
from boron plus protons, found that the yield varied irregularly from 
element to dement. Mainly positron emitters are formed and the yidd 
is comparativdy low. The reactions ^ving rise to gammarrays of very 
high energy are of the resonance type, occurring at volts^es bdow 1 Mev., 
and hence tire direct acceleration type of apparatus, operating at hi^ 
beam currents, is the best source. 

High-®eergy x-rays have been used to excite certain stable nucld to thdr 
isomeric, radioactive states. This type of exdtation has also beai effected 
by btnnbardment with dectrons (CSS). 
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6. Umnium arid Uutnum fissim 

In Januaxy, 1939, Hahn and Strassmann (H14) reported their very 
important discovery that the bombardment of uranium with slow or fast 
neutrons resulted in its cleavage into pairs of radioactive products of 
medium atomic weight. The existence of this entirely new type of nuclear 
reaction was hnmediately confirmed in many laboratories throv^hout the 
world, and Mdtaier and Frisch (M23), after confirming the reaction, sug- 
g^ted the name “fission” for the process. Subsequent work by a large 
number of inv^tigators has resulted in the chemical ideniification of many 
of the fission products. Hahn and Strasanann (E15) and others found 
that thorium also undergoes nuclear fission when bombarded with fast 
neutrons, and v. Grosse, Booth, and Dunning (G7) found that the same is 
true for protoactinium (slow neutrons are ineffective in these cases). The 
products of these cleavage processes, because of the high neutron to proton 
ratio in uranium and thorium, have an abnormally high neutron to proton 
ratio; hence all are negative beta-particle emitters and many chains of 
successive decay are found. The radioactive isotopes formed in this 
manner, some of which can be formed in no other way and others of which 
can also be formed by some of the methods outlined in the sections above, 
have already found application to ch^nical and biological problems. 
Turner (T8) has published in the issue of Bevi&ivs o/ Modem Physics for 
January, 1940, an excellent, complete review of nuclear fission. 

The events leading to the discovery of the fission process present an 
interesting history. In tiidr ordinal work Fermi and coworkem (Al) 
bombarded uranium with neutrons and obtained a series of radioactivities 
which, on the bads of chemical experiments, they were led to assign to 
“transuranic elements,” that is, elements with atomic number greater 
than 92. The eq)eriments of Hahn, Mdtner, and Strassmann (H37) 
and oth^ appeared to confirm this point of view, and for several years 
the transuranic elements were the subject of much experimental work and 
discussion, including a review of their chemical properties which was 
publidred in Chemical Reviews (Ql) in 1938. Gune and Savitch (C33), 
in 1938, found a product of 3.5 hr. half-life which had the chemical proper- 
ties of a rare earth, but they failed to give a complete interpretation of 
this astonishing discovery. Early in 1939 Hahn and Strassmann (H14) 
described e:^eriments which made it certain that they had obsm'ed'the 
production of radioactive barium isotopes as the result of the bombardment 
of uranium with neutrons. Subsequent work has shown that practically 
all of the radioactivities formerly ascribed to transuranic elements are 
actually due to fisdon products. More than fifty radioactive fisdon prod- 
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nets are now known and are included in table 2. The fission of uranium 
and thorium by deuterons (K26) and by h^-energy gamma-rays (H69) 
has also been obsenred. 

It has been shown by von Halban, Joliot, and KowarsM (H3S), and con- 
firmed by many others, that secondary neutrons are emitted during the 
fission of uranium. The secondary neutrons might themselves produce 
still more fissions and the possibility of the occurreoce of a catastrophic 
chain reaction, under the proper conditions, has been the subject of much 
discussion and speculation. The large energy per fission (~ 200 Mev.) 
shows that the propagation of such a chain might involve the release 
of terrific amounts of energy in a very short time. 

VI. TABLE OP ABTIPICIAL SADIOBLBMBNTS 

Table 2 presents a complete list of all the artificial radioelements known 
to date (covering publications received prior to August 1, 1940), together 
with a number of important features associated with them. The natural 
radioactivities are not included. The plan of pr^mtation is the same 
as that used by livingood and Seaborg (L35). 

The first and second columns give the atomic numbmB and the mass 
numbers associated with the radioactivities. The degree of certainty of 
each assignment is indicated, in the column headed “class,” with a letter 
according to the following code: 

A — isotope cmH^ain (mass number and element certain), 

B =: isotope probable, element cert^, 

C = one of few isotopes, element certain, 

D == element certain, 

E element probable, 

F s insufficient evidence, 

G = probably in error (e.g., impurity or inadequate half-life de- 
termination). 

The fourth column lists the t 3 rpe of radiation, with the following meming 
for the s 3 Uttbols: 

jj- = negative beta-partid^, 

i8+ = positive beta-particles (positrons), 

7 =s gammarrays, 
e~ = internal-conversion electrons, 

K = jE’-electron capture, 

I.T. = isomeric transition (tranation from upper to lower isomeric 
state). 

In the few cas® where it is certain that no gammarrays are emitted, tiiis 
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fact is expressed explicitly by the symbol “No 7.” Annihilation gamma- 
rays“ are not listed. 

The half-life, followed by the relevant reference, is given in the fifth 
column. For the case where more than one value for the half-life has been 
reported, an attempt has been made to list the best value (an experimental 
value near the mean or one determined with a strong sample). 

In the column headed “energy of radiation,” the energy value is followed 
by the corresponding reference and by a description of the method used 
for the energy determination. The betarparticle energies correspond to 
the observed upper limits of the spectra; in those cases where only the 
KonopinsM-Uhlenbeck (K 14 ) extrapolated value has been reported, this 
is listed, followed by the dedgnation “K.U.” The methods used for the 
determination of the eneigy of the particles are described in each case 
with the aid of the following symbols: abs. = absorption, cl. ch, = cloud 
chamber with magnetic field, spect. = electron magnetic spectrograph or 
spectrometer. 

The symbols used to describe the methods employed for the determinar 
tion of the gamma-ray energies have the following meaning: abs. = ab- 
sorption, cl. eh. recoil = secondary electrons in cloud chamber with mag- 
netic field, cl. ch. pair = positron-electron pairs in cloud chamber with 
magnetic field, coincid. abs. = secondary electrons with coincidence 
counters and absorber, spect. conv. = intemal-converdon electrons with 
magnetic spectrograph, spect. = secondary electrons with magnetic 
spectrograph, and abs. of er = absorption of internal-conversion electrons. 
When intemal-converaon electrons are emitted the energy listed is always 
tiiat of the corre^onding gammar-ray transition. 

The observed nuclear reactions (giving the target element, projectile, 
and residue, in order) by which the radioactive isotopes are formed, and 
the corre^onding references, are listed in the last column (p = proton, 
n = neutron, a — alpharparticle, d = deuteron, 7 = gammar-ray). The 
neutron-induced fistion reactions of the heavy elements are included and 
are deagnated by such symbols as U-n, Th-n, and "PsHfi. In those cases 
where the radioactive fission product is known to be the second (or later) 
element in a chain decay its production is not designated by these s3nmbols 
(U-n, etc.) but is listed as produced by the betardecay of its immediate 
parent isotope. 

No attempt has been made to list all of the publications coimected with a 
^ven radioactivity, since it has been the aim to keep the table as compact 

“ Pomtron enussion is always accompanied by “aniuHlation” gamma-radiation. 
Each positron, together with an electron (of equal mass), eventually undergoes 
annihil ation with the emission of two gamma-rays, each with an energy (0.51 Mev.) 
corresponding to me*, where m is the electronic mass. 
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TABLE 2 


Complete list of induced radioactivities 
(The literature has been covered up to July 15, 1940) 


BADXOBLBMENT 


TYPB OF 
RADIATION 

EAliF-UFB 

ENEBOT OF RADIATION 
IN Met. 

PBODVCBO) BT 

Z 

A 

t 


Particles 

•y-Rays 


1 


A 


>10 yr. (A16) 

-4).013 
(A7, 06) 
abs. 


D-d-p (A7, A16) 

Be^H* (06, A16) 

2 

He* 

A 

r 

0.8 sec. (Bl) 

3.7 (Bl. 

B2) 
cl. ch. 


Be-a-« (Bl, PI, B3) 
(li-jvp) (Kl) 

a 

Li* 

A 

/S", a 

0.88 sec. (LI) 

1203") (B4) 
d. cb. 


li-d-p (Cl, LI, R14, Dl) 
B-n-oe (L24) 

(Id-ivy) (Kl) 

4 

Be? 

A 


53 days (H30) 


0.45 (El. 

Ml) 
abs. Pb 

Id-d-ft (Rl, R13) 

B-p-a (Rl. Ml) 

Id-p-n (H^, H2) 


Bel® 

A 

7 

»10»yr. (M22) 

(M22) 

abs. 

<0.5 (M22) 
abs. 

Be^p (M22) 

5 

Bi* 

A 


0.022 sec. CC2, 
B22) 

12 (B4) 
d. ch. 


B^p (C2. FI. B5) 

6 

Cl® 

A 


8.8 sec. (B27) 

3.4 (D26) 
d. ch. 


B-p^ (B27, D26) 


Cu 

A 


21.0 min. (Rll) 

0.95 (D26) 
d. ch. 


B-d-n (PI, C4. Yl) 

B-p-y (03. B23) 

B-p-a (B23) 

N-jw* (B23) 

C-n-2n (P2) 


CM 

A 


»10*yr. (K24) 

0.090 

(R17) 

abs. 


C-d-p (R17) 

N-ivp (Rll) 

7 

N« 

A 


0.93 min. (W14) 

0.92, 1.20 
(L22) 
spect. 

0.28 {R2) 
d. ch. recoil 

G-d^ (EB,Y1.C4,P1) 
0-p-y (H3,C4) 

B-oe*a (Rl. RB) 

N-iv2a (P2) 


Ni« 

A 

> 

8 sec. <C5. Nl) 

6.0(?) (PI) 
qL ch* 


N-d-p (FI) 

Okvp (C6) 

F^iw* (Nl. PI. N4) 

















226 


GLENN T. SEABOEG 


TABLE 2i—Co7dinued 


RADI03SL1SMB1IT 

S 

TTPB OF 
RADIATION 

BjjJF-uam 

ENBBOT OF RADIATION 

inMbv. 

FSODVCBD BT 

z 

A 

1 


Particles 

T^Eays 


8 

OM 

A 


126 sec. CM3»B20) 

1.7 (PI) 
d. ch. 


N-<i-n (M3, FI) 

0-r-n (B20) 

0-n^2n (P2) 

N-p-y (D2) 

C-ce-n (£3) 



A 

fir 

31 sec. (Nl) 



P-»-p (Nl. Al) 

9 

PlT 

A 


70 sec. (N2) 

2.1 (£4) 
d. ch. 


0-(2-» (N2, FI) 

N-a-n (E3) 

0-p.y (D2) 



A 

fi*- 

112 min. (SI) 

0.7 (y2) 
d. ch. 


Ne-d-« (SI) 

0-p-n (D2) 

P-7l^27l (P2) 

O^n (D22, y2) 


F« 

A 

0~, y 
(BS0,Ci7) 

12 see. (Cl) 

6.0 (FI, 
B60) 
d. ch. 

2.2 (B50) 
d. oh. recoil 

P-«i-p (FI, Cl) 

F-rip-Y (Nl) 

Nsrti-a (Nl) 

10 

N€^« 

A 

fi^ 

20.3 sec. CW7) 

2,20 (W7) 
d. ch. 


F-Iwi (W7) 


Ne** 

A 

fi- 

40 sec. (Al, B6) 

4.1 (P21) 
abs. 


Na-»i-p (Al, Nl. PI) 
Mg-7Ke (Al. B6) 

Ne^p (P21, W24) 

11 

Ne?i ] 

B 


23 sec. (C27) 



Ne-p-B (C27) 

Ne-<i-n (P21) 

i 

Na^ 

A 

i8+ 

3.0 yr. (L3) 

0.5g (L3) 
d. oh. 

1.3 (02) 
speot. 

Idg-d^ (L3) 

F^n (L3. M4) 

Ne-(2-n (L3) 


Nai« 

A 

fi-»y 

14.8 hr. (VI) 

1.4 (Ii21) 
speot. 

1.46, 2.0, 

3.03 (C28) 
spect. 

Nard-p (L4. VI) 

Na-7*-7 (Al) 

Hg-7t>p (Al) 

Al-n-a (Al) 

(H4) 

12 


1 

^ i 

11.6 sec. (W7) 

2.82 (W7) 
d. ch. 


Na-p-B (W7. D9) 


Mg« 

1 

i»-, y 

10.2 min. (H4) 

1.8 (C13) 
d. ch. 

0.9 (E4) 
d. ch. recoil 

Mg^p (H4) 

Mg-7a-Y (Al) 

Al-B-p (Al) 

13 

Al» 

1 


7.0 sec. <W7, F2) 

2.99 (W7) 
d. di. 


Na-o-B F2) 

Mg-p-B (W7, D9) 

M^P-Y (C39) 
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TABLE %-C<yniinued 
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TABLE 2— Continued 


BAOIOiaiiliMBMT 

8 

TYPE OF 
BADXATZON 

EAItF-LIFE 

EKERGY OF RADIATION 

inMbv. 

PRODUCED BY 

Z 

A 

1 


Particles 

7-Rays 1 


17 

CIM 

A 

|8"»T 

37 man. (VI) 

1.1, 5.0 
(W16) 
spect. 

1.65, 2.15 
(C28) 
spect. 

Cl-d-p (K4, VI) 

Cl-n-7 (Al, K18) 

K-n-os (H5) 

18 

AW 

G 

r 

4 min. (P2) 



K-n^p (P2) 


A« 

A 

J?". 7 

no min. (S3) 

1.5 (K4) 
cL ch. 
(K.TJ.) 

1.37 (R8) 
d. ch. recoil 

A-d-p (S3) 

K-71-P (H5) 

k-nry (S3) 

19 

KM 

A 

i 7 

i 

7.7 mm. (H5, R3) 

2.3 (R3) 
abs. 


Cl-c(>n (S5, R3) 

Card-^ (H5) 

K-7t-2n (P2) 

1 

K« 

A 

r 

12.4 hr. <H5) 

i 

3.5 (K4) 
d. ch. 


K-d-p (H5) 

K-n -7 (H5, Al) 

Ca-»-p (H5) 

Sc-n-oE (H5) 


K«*« 

0 

r 

18 min. (W1,W12) 



Ca-a-p (Wl| W12) 

I 

Caw 

F 


4.5min. (P2,W12) 



Ca-n-2n(?) (P2,W12) 


Ca« 

1 

B 1 

7. «- 
(W12) 

8.5 days (W12) 


1.1 (W12) 
ab8.Pb; 
abs. of 

Ca^f-p (W12) 

Cj^irn-Zn (W12) 


Ca« 

A 

^,7 

180 days (W12) 

0.2, 0.9 
(W12) 
abs. 

0.7 (W12) 
ab8.Pb 

Oa^Tfr^ (W12) 

C&d-p (W12, W6) 

So-a-p (W12) 


Ca" 

A 

7 

2.5 hr. (W12) 

2.3 (W12) 
abs. 

0.8 (W12) 
abs. Pb 

Cord-p (W12) 

Oarn-7 (W12) 


Ca« 

B 

P- 

30 min. (W12) 



Ca-d-p (W12) 

Ca-a-7 (W12) 

21 

Sc« 

A 


13.5 days (WIO) 

1.4 (WIO) 
abs. 


TSi-orn (WIO) 


Sc« 

A 


4 hr, (WIO) 

0.4, 1.4 
(WIO) 
abs. 

1.0 (WIO) 
abs. Pb 

Ca-oc-p (P4, WIO) 

Ca^n CW3) 

Ca-p-n (D2, D9) 
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TABLE 2r--^ontinued 


■p A nTftniT^inifiB'M'r 

s 

TXPB 07 
BADIAOXOK 

BiJLOHLlFIl 

ENXBOT 07 BADIATZOir 
IN Msv. 

PBODUGED BT 

z 

A 

1 


Particles 

7-Rays 


21 

Sc** 

A 

(WIO) 

82 hr. (WIO) 


0.26 (WIO, 
H26) 

spect. conv. 

Sc-n-2n 39) 

K-06-» (WIO) 

Card-n (W3) 

Carp-» (D2, D9) 

Ti-d-at (W4) 


Sc" 

A 


4.1 hr. (WIO) 

’ 

1.5 (WIO) 
abs. 


Sc-n-2n 39) 

R-oe-it (WIO) 

Ca-d-n (W3) 

Ca-p-a (D2, DO) 

Sc- 7 -n (B20) 

Sc" (52hr.)I.!r. (WIO) 


Sc" 

A 

/9- y; k 
(W6) 

85 days (W5) 

0.2A 1.0> 

m 

(WIO) 

abs. 

1.25 (WIO) 
abs. Pb 

Sc-<i-p (Wl, W5) 

Sc-w-y (Wl) 

Ti^ (Wl) 

Ca-oe-p (WlO) 

Ti-Ji-p (W4) 


Sc« 

B 

Y 

63 hr. (WIO) 

1.1- (WIO) 
abs. 


Caro-p (WlO) 

Ti-n-p (WIO) 


Sc" 

A 

/S-, Y 

(WIO) 

44 hr. (WIO) 

0.5. 1.4 
(WIO) 
abs. 

0.9 (WIO) 
abs. 

Ti-n-p (W4,P2.W10) 
V-M (W4, P2, WIO) 


Sc** 

A 

r 

57 min. (WIO) 

1.8 (WIO) 
^8. 

No y (WIO) 

Ca-d-» (WIO) 

Ca** (2.5 hr.) |8" decay 
(WIO) 

Ti-n-p (WIO) 

22 

Ti« 

A 

i5-,Y CW4) 

2.9 min. (W4) 



Ti-d-p (W4) 

Ti-»-Y (W4, Al) 


Tio 

A 

Y 

72 days CW5) 

i 

0.36 CW5) 
abs. 

i 

1.0 (W5) 
coincid. abs. 

Ti-d-p (W5) 

Ti-a-y (WS) 

23 

v« 

B 1 


600 days (W5) 

NojJ^orer 

(W6) 

No Y CW5) 

Ti-d4i (W5) 

1 

V*8 

A 

r; x. Y 

(WS) 

16 days (W4) 

1.0 (W4) 
d. ch. 

1.05 (R4) 
cl. oh. recoil | 

j 

Ti-d-n (W4) 

So-4>n (W6) 

Cpd-a (W4) 

Ti-p-n (DO) 

1 

v*> 

B 


33 min. (W4) 

1.9 CW4) 
abs. 


Ti-d-« (W4) 

IW-p (W4) 

Ti-jM* (D9) 
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TABLE 2— Continued 


BADIOBLXMBOT 


TTPE OF 
EADXAinOK 

SLAUHCJFZi 

E27BBG7 OF BADIATION 

inMsy. 

PBOnnCBD B7 

z 

A 

1 


Particles 

7 -Rays 


23 

yso 

1 


3.7 hr. (W4) 



V-n-2» (W4) 

Ti-d-a (W4) 

Ti-of-p (W4) 


VM 


r 

1 

3.9 min. (W4) 

2.05 (D21) 
aba. 


V-71-7 (W4, P2, Al) 

Vni-p (W4) 

Cr^7i-p (W4, P2) 

Mn-n-a (W4, P2, Al) 

24 

Ci« 

B 

X. 7, ^ 
(W13) 

26.5 days (W13) 


0.5, 1 (W13) 
abs. Pb; 
abs. of e~ 

Ti-o>.» (W13) 

Cr-d-p (W13, A14) 

Cr-n -7 (W18) 

Cr-n-27i (A14) 


Cr» 

B 


1.6-2.3 hr. (A14, 
DM) 



Cmi-t (DU, A14) 

Cr-d-p (A14} 

25 

Mna 

A i 


46 min. (L7) 

1 2.0 (L7) 
abs. 


Cr-d*n (L7) 

Ciyp-7 (D2, D4) 


Mn“ 

A 

r.r 

21 min. (L7) 

2.2 (H8) 

1.2 (H6) 

Fe-d-a (D5, L7) 

Cr-p-n (H6) 


MnB 

A 

r. y; X 

(H6) 

6.5 days (L7) 

0.77 (H6) 

1.0 (H6) 

Fe-d.« (L7) 

Cr-p-n (H6) 


MnM 

A 

a:,t (L7) 

310 days (L7) 


0.85 (L7) 
abs. Pb 

Fenf-a (L7) 

Cr-d-n (L7) 

V-o-n (L7) 

Or-p-n (D9) 


WnW 

A 

fi"ty 

2.59 hr. <L7) 

1.2, 2.9 
(BIO) 
d. oh. 
(K.TT.) 

0.7, 1.7 

CB26) 

d. ch. recoil 

Mn-»-7 (Al) 

Idn-d-p (L7) 

Fadl-a (L7) 

Fe-n-p (Al) 

Co-n-« (Al) 

Cr-ofr-p (R3) 

26 

Fe» 

A 


8.9 min. (B3) 



Cr-a-n (R3) 

Fe-n-2n (L20) 


Fo» 

A 


-^4yr. CV4) 



Fe-d-p (L23) 

Mn-p-n (V4) 


FeS» 


P"iT 

47day8 (Ii20) 

0.4, 0.9 
(L20) 
abs. 

1.0 (L20) 
ab8.Pb 

Fe-d-p (L20) 

Co-n-p (L20) 
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TABLE Continued 


SAI>ZOXliEl!l!MT 

s 

TYPE OP 
1UEXA3ZOK 

HALF-LZFB 

ENEB67 OF SADUTXOV 

IN Met. 

7SODUCSDBT 

Z 

j A 

1 


Partieles 

7 -Bays 


27 

Co“ 

B 


18.2 hr. (D5) 

1.50 (L21) 
speet. 

0.16,0.21,0.8, 
1.2 (C20) 
cl ch. recoil 

Fe^n (D5, LS) 

Fe-p^ (L9) 


Co“ 

B 

K, 7. (r\ 

(LIO) 

270 days (LIO) 

0.4 (T) 
(LIO) 


FeHi.2n (L9,B24,P4) 
Ni-d-a (Lll) 

Fe-p-n (L0) 

1 

Co» 

A 


72 days (LIO) 

<0.6 (LIO) 
abs. 

0.6 (LIO) 
abs. Fb 

Fe^ (10, B24, P4) 
Mn-dc-n (L9) 

(Lll) 

Fe-p<n (LO) 
Ni.fH>(V6,L10,L56) 


CoM 

A 


6.5 yr. (LIO) 

0.16, 1.5 
(R8) 
ahs. 

1.3 (L9) 
abs.Pb 

C(H^p (L9. B24) 

Co-n-y (B9,L9) 


Co" 

B 

/.r.(7),<r 

(LIO) 

11 mm. (H7, LIO) 



Owj-r (H7,L8) 

Ni-»-p (H8) 

28 

Niw 

A 

i 

36 hr. (Lll) 

m (Lll) 
abs. 


Fe^flrti (Lll) 

Nw^2tt(T) (Lll) 


Ni« 

A 

7 

2.6 hr, (Lll) 

1.9 (Lll) 
abs. 

1.1 (Lll) 
abs. Pb. 

NI-^p (Lll) 

Ni-n-y (H8) 

Cu>*fi"P (H8) 

Zn-»^ (H8) 

Ni-n^n (H8) 

29 

Cuw» « 

C 

r 

81 seo. (D4} 

1 


Ni"P-» (D4) 


Cu»' M 

0 


7.9 min. (D4) 



Mi-p4i (D4) 


Cuw 

1 

1 

(A4) 

3.4 hr. (TL 113) 

0.9 (K8) 
abs. 

1 

No7(C52) 

Nld"n(Tl) 

Ni-p-n (D4) 

NH)-y(D4) 

Ni'O-p (B3) 



A 

j 


10.5 min. (H8) 

2.6 (C13) ! 
el oh. 


CSu-R^2n (H8) 

Cu-7"B {B20) 

Gohx^a (B3) 

Ni.p"A (818) 

Ni-p-r (SIS) 
CiHl.p,2n{7) cm 


CuM 

A ! 

I 

i 

] 

(A4) 

1 

j 

12.8 hr, (V2) 

0.68 0S-), 
0.66 (T) 
(T6,T11) 
specfe. 

Nor (T6) 

Cu-d-p CV2) 

Cu-«p7 (H8) 

Cn-n-3ft (SS) 

NHhi (818, D4) 

(H6) 
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GLENN T. SBABOBQ 


TABLE! 2~-C(yniifiVi6d 


BADIOSX^EMT 


TXPB OP 
BADIATZON 

BAU^LIPB 

BNSBGT OF RADTATZON 
IN Muv. 

PRODUCBD B7 

Z 

A 

I 


Particles 

vBays 


29 

CuW 

1 

A 

1 

r 

5 min. (Al) 

2.9 (S6) 
cl. ch. 
(K.U.) 


Cu-n -7 (Al) 

Zn-n-p (H8) 

Ga-n>a (05) 

Cu-d-p (L31) 

30 

ZnM 

1 

A 

! 

1 

38 min. {DAB20) 

2.3 (SIS) 
abs.. (Til) 
spect. 


Zn-n-2n (H8, P2) 

Zn- 7 -n (B20) 

Cu-p-7i (S18, D4) 

Ni-o-a (US) 

Cu-i^2n (LSI) 


Za.» 

A ’ 

i 

e- 

2e0da3rB (U2) 

0.4 08^) 
(D9) 
d. ch. 

0.45,0.65,1.0 

(W15) 

cl. ch. recoil 

Zn-d-p (L12) 

Cu-d-2» (P4) 

Cu-p-» (B12) 

Zn-w-y (S6) 

Ga“K decay (LlO) 


Zn«» 

A 

1 

1 

/.r.. y 
(Kll) 

13.8 hr. (L12) 


0.47 (Kll) 
abs. Pb 

Za-d-p (L12, Kll, V7) 
Zh'-t)^ (T2, L12) 

Gard-ce (L12) 

GBrn~p (L12) 


Znw 

A 

iJ- 

67 min. (L12) 

1.0 (L12) 
abs. 

No y (L12) 

Zn-d-p (L12, Kll, V7) 
Zn-7i-7 (T2) 

Gard<c (L12) 

Ga*a-p (L12) 

Znw (13.8 hr.) /.T. (Kll) 

31 

Ga« 

B 

r 

48 min. (B13) 



Zn-p-n (B13) 


Ga«« 

A 

JC.flT 

15 min. (A4,L10) 


0.054, 0.117 

im 

spect. cony. 

Zn-d-n (A4, LlO) 

Zn-p -7 (D9) 


GaM 

A 


1 9.4 hr. (B13, B3) 

3.1 (M7) 
abs. 


Cu-oe^n (M7, R3) 

Zn-p-n (B13) 


Gaw 

A 

JC, 7, 

i 

83 hr, (A4) 

i 

0.0925 (V7, 
H26) 

spect. conv.; 
0.18, 0.30 
; (H25) 

spect. 

Zn^n (A4, G6, V7) 
Zn-oj-p (M8) 

Zn-p-n (B13, V7) 


Ga«» 

A 


68 min, (R8) 

1.9 CE3, 
M7) 

; abs. 


Gu-ot-a (R3, 1^) 

Ga-7i^2a CP2) 

Ga-Y^ (B20) 

Zn>p^ (D2, B13) 
Zn.p-y(?) (D2) 

Zn-d^ (G6, V7) 
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TABLE 2 — Continued 


n AnTmeT.tmwrTntirr 


TYPE OP 
BAD1A.TION 

^ULTXM.Ttm 

ENZSaGT OP BADIAHON 

IK Met. 

PSOSITCED £Y 

z 

A 

1 


Particles 

Y-Rays 


31 

Gaw 

A 

<5“» 7 

20 min. (B20, Al) 

i 

1.7 (825) 
d. oh. 
(KU.) 


Garn-y (Al) 

Ga>n-2n (P2) 

Ga-T-» (B20) 

Zii-3>n (D2, V7) 

Zn-a-p (;M8) 


Ga» 

A 

iT. 7 

i 

14 hr. (S6, L20) 

2.6 (L28) 
abs. 

1.0 (87) 
abs. Pb 

Gard^p (L20) 

Ga-n-y (86) 

32 

Ge" ' 

E 

1 

29 min. (36) 



G&-a-2n (36) 


Ge«»» 

C 


6-10 (86, 

LOS) 



Ge-n-? (36) 

Ga-d-2n (Xi28) 


Ge^ 

! 

t 

B 


26-67 br. (M8, 

825} 

1.0 (M8) 
abs. 


Zn-tt-n (MS) 

G&“»-y (36) 

Ga^p (36) 

Gar<2-2n (L28) 

Ge-n^2n (325) 


1 Ge«5f'«*n 

E 


195 days (M8) 



Zuroi-n (M8) 


Gew* 

E 


81 min. (36) 

1.1 (325) 
cL ch. 
(K.XJ.) 


Ge-n-y (36) 

Ga^p (36) 


Ge«* 

E 


8 hr. (36) 

1.9 (325) 
d. ch. 
(K.U.) 


(3a-i*ry (36) 

33 

Asw 

F 

jJ*. 7 

60 hr. (326) 



Ge-d-n (326) 


As^fi 

P 

7 

88 min. (326) 



Ga^n (326) 


As»* 

E 


26 hr. (V4) 



Gte-2M» (V4) 


AflW 

A 

r,r,7 

(S26) 

1 

16 days (326) 

1.3 (T), 

0.9 (T) 
(826) 
cL oh. 
(K.U.) 


Aa-n-2n (326, Oil) 
Ga^n (326) 

S&d-<K (FS) 

Gte-p^ (D9) 

1 

1 

! 

] 

1 

As» 

A 

r,7j 1 

i 

7(7) (S23)1 

i 

26.8 hr. (W9) 

1.1, 1.7, 2.7 
(i»-)(S23, 
W9); 

0.7, 2.6 08**) 
(323) 
d. ch. 

3.2, 2.2, 1.5 
(323) 

d. ch. pair 

Afrd-p (Oil, T3) 

As-a-y (Oil) 

Br-»^ (Oil) 

(3a^n (V4) 

Se^(S26> 

Sad-a(F8) 


As” 

D 

r. r (S26) 

90 days (S26) 

0.12 (326) 
d. eh. 
(E.U) 

• 

G^d^imy 
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GhmN T. SEABOBO 


TABLE 2—Cot^nved 


BADIOSLBMXINT 

8 

TTP» OF 
BADJATIOSr 

half-ufb 

SKSS07 OF XtADIASlON 

inMbv. 

PBODUCBD BY 

z 

A 

1 


Particles 

r-Bays 


33 

As’« 

A 


65 min. (89) 

1.4 (S20) 
d. oh. 
(K.U.) 

0.27 (S26) 
abs. Pb 

1 Brwn-a (S9, Oil, S26) 
Se-n-p (S26) 

34 

SeW 

A 

X. T. «" 

48 days (D9) 


0.50 (D9) 
spect. conv. 

As-p-n (D9) 


SeM.81 

C 

I.T., tr 

am 

57 min. (S9, L30) 

1 


0.098 (L30) 
spect. conv. 

Se^p (S9, L30) 

Se-n-7 (S9. HIO) 

Br-ji“p (S9, Ij30) 

Se-T-n (B20) 

1 

Se^a.n 

C 

r 

19 min. (L30) 

1.5 (L30) 
abs. 

1 

! 

Se-d-p (S9, L30) 

Se-n-7 (S9. HIO) 

Se-7^ (B20) 

Br-«-p (L30) 
Se«*»(57min.)jr.ir. 

(L30) 


Se« 

A 

r 

30 noon. (L30) 



Se-d-p (LSO) 

Se-Ti -7 (LSO) 


Se 

B 


Several hoius 
(B15) 



Th-fi (B16) 


Se 

D 


Several days (BIS) 



Th-a (B16) 

35 

Br» 

A 

i 

Y 

] 

6.4 min. <S9) 

1 

2.3 (T) 

(S9) 

abs. 

0.046, 0.108 
(V7) 

spect. conv. 

Be-d->n (89) 

As-flt-n (S9) 

Br- 7 -n (B20, 05) 

Br-Ji-2n (HIO) 

Se-p-n (B13, 77) 


BrM 

A 

J.r., «r, T 
(SIO, V3, 
V7. G22) 

4.4 hr. (B13) 


0.040;0.037 
or 0.025 
CV7) 

spect. conv. 
0.037 (G22) 
ab8.Al 

Bxwn-7 (S9, 810, A2) 
Biwd-p (S9) 

Se-p-n <B13. 77) 

Br-7-n (B20) 

Br-n-2n (P2) 


BrM 

A 

7 

18 min. (S9, SIO) 

2.0 (A2) 1 

spect. 

<0.5 (B13, 
S9) 
abs. 

Br-7i-7 (S9) 

Br-d-p (89) 

Se-p-n (B13) 

Br^-n (B20) 

Br-n-2n (P2) 
BrM(4.4hr.)I.r.(Sl0) 


Br« 

A 

fi“f 7 

34 hr. (89) 

0.7 (B13) 

0.65 (KS) 
cl. ch. recoil 
and abs. 

Br^-n-7 (K5, 89) 

Bt^P (89) 

Se-p-n (B13) 

Se-d-2n (89) 

Bh^a (69, P2) 










TABLE 2 — Continued 


■wAPTnwT.iB'fcnn'Mrp 

S 

TYPE OP 
SADlAYIOJi 

1 

TrAT.BUT.rir^ 

BN1IB43T OF RADIATION 
IN MRV. 

FROD1TCRD BT 

^1 

^ 1 



Particles 

'>'-Rays 


35 

Brs» 

A 


UQznin. (L30) 

1.05 (L30} 
abs. 

No r (SO) 

Se^a (SO) 

Se» fi- decay (SO. L30) 
Th-a (B15, L30) 

IJ-» (L30) 


Br>» 

D 


40 min. (D6) 



U-n (D6, H22, H57) 


BrS"** 

P 


22 hr. (BIS) 


t 

[ 

Th-a (B15) 


Br>82 

D 


3.8 hr. CH22) 



U-n (H22) 

36 

Kr«» M 

c 

(B41) 

34 hr. (B41) 

0.5 (B41) 
d. ch. 


Er-d-p (C45. SO) 

Br-p-n (B41, 041) 

Se-ce-n (C45) 


BjrM* a 

C 

yi 

nofi*- (C41) 

13 sec. (C41) 


0.187 (041) 
spect. conv. 

Br-p-n (B41, 041) 


Kr»«. n 

C 

r; 

no/8+ (C41) 

55 sec. (C41) 


0.127 (041) 
spect. conv. 

Br-p-n (B41. C41) 
Se-a-n(?) (E3) 


B>w* 

A 

/.T., e- 
(L30) 

113 min. (L30) 


0.040 (L30) 
abs. of «r 

Br^^decay (L30) 

Se-o-n (C45) 

Kr-d-p (C45) 



E 

fir 

74 min. (S9) 



EDd-p (SO) 

Se-<»-n(7) (E3) 


Kr«^ 

B 

1 

fi- 

4.5 hr. (S9) 



JSrd-p (SO. C45) 


Kr« 

B 

fi- 

~2xnm. (GO, G21) 



U-n (GO. G21} 


TTrSS 

A 

^ \ 

3 hr. CIi27, H28) 



Th-n (H29. AS. L27) 
U-n(H28.Hll.G9.G21) 


Kr>« 

D 

fi' 

<0.5 min. (H28} 



U-n (H28) 

Th-n (H20) 

37 

Bb« 

B 


20 min. (H51) 



Br-a-n CH51) 


Rb“ 

B 


0.6hr. (H51) 



Br-o-n (Bm) 

Er-d-n (E51) 


Rb 

P 

j 

42 min. (H51) 



Ecni-n (MSI) 


Rb 

P 

i 

200 hr. (H51) 



Er-d-n (H51) 


RbM 

A 

fi- 

18 min. (SO) 

4.6 (G21) 
abs. 

1 


Rb-n-r (SO. P2) 
Pa-n(G7) 

Kr^^deeay (H28, L27. 
mi. G21) 


Rbw i 

B 

fi-.y «321) 

15 min. (GO, G21) 

3.8 (G21) 


Er»^deoay (GO, G21) 


* Radioactive isomer of stable nudeus. 

23$ 
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GLESNN T. SEABOM 


TABLE 2—C<mHnued 



* XUdioao^-ve isomer of stable nudens. 
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TABLE 2 — CordiTiMed 


KADZOBIiSMlINT 

s 

TinpX OF 
BADIATIOir 

TTAT.T^r.TtPTa 

ENEBGT OF BADIATION 
IN MeV. 

I 

PBODUCED BT 

z 




Particles 

7-Rays 1 


40 

ZrM 

A 

(S12. 

D13) 

78 hr. (D25) 

1.0 03+) 
(S12) 
d. ch. 

(K.U.); 
(D25) abs. 

No 7 (D25) 

ZT-n-2a (812, S46) 

Y-j)-n (D13, D25) 
Mo-n-<x (846) 


ZrM 

A 

or K 

(D13, D25) 

4.5 min. (D25) 



Y-p-n (D13. D26) 


Zr 

£ 

/s- 

18 min. (S46) 



Zr-n -7 (846) 


Zr 

F 


90 min. (S12) 

--1.5 (S46) 
abs. 


Zr-d-? (812, 846) 


Zr 

E 


70 hr. (S48) 

1.17 (S46) 
d. ch. 
(3K.U.) 


Zr-n-? (846) 


Zr«» 

D 

i 

/3“ 

63 days (S46) 

M).25 

(S46) 

abs. 


Zr-Ji“7 (846) 

Zk2-p (846) 

Mo-n-aC?) (846) 


Zr»® 

D 

r 

17.0 hr. (G18) 

1 (018) 
aba. 


D-n (G18) 

Zr -»-7 (846) 
lio-n-a (846) 


j Zr« 

E 

r 

6 min. (S46) 

•--1.9 (S46) 
abs. 


Zr-71-7 (846) 


Zr 

D 


>20 days (018) 

M).26 

<G18) 

abs. 


U-n (G18) 

41 

Cb 

E 

i 

4 min. 



Zr-thna) (DO) 


Cb 

E 


12 min. 



Zivaa-nC?) (DO) 


Ob 

E 


38 min- 



Zr-p-n(?) (DO) 


Cb 

E 1 


21 hr. 

i 

j 

Zae^p^O) (DO) 


Cb 

E : 


86 hr. 

j 

,j 

Zr^(T) (DO) 


Cb« 

A 


11 days (842, 81S) 

1.38 (S42) 
dL ch. 
(K,U.) 


Ob-n.2n (842, 813) 
Ifo-n^p (846) 


Cb«* 

J> 

/.S’., ^ 

^55 days (846) 


^.15 (845) 
abs.de~ j 

2r«^doeay (846) 


Cb«« 

A 

^-,7 (S42) 

6. 6 min. <S42) 

1.4 (S42) 
she. 

0.4 (S42) 
ahe.Fb 

ab-»-7 (SiA 813, F2) 


CbBS 

I> 


75 min. <G18) 

1 (G18) 
abs. 


Z^fi^deoay (G18, 846) 
Ho-f»-i» (846) 


* Radiofteti've uomer of stable nudetis. 
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OLSNN T. SBABOBG 


TABLE 2— Continued 


BADIOBLBIONT 


TYMS OF 
BADIA310N 

£LU<F-ZJFB 

ENSltaT OF BADIATZOK 

inMev. 

FBOST7CBD B7 

z 

A 

1 


Particlas 

Y-Rays 


42 

Mo» 

F 


7 hr. (D9) 

1 


Ob-jj-n(?) (DO) 


Mo«i* n 

C 

r 

17 min. (B20. S12) 

2.65 (846) 
d. oh. 
{K.TI.) 


Mo-n-2n (HIO, 812, 846) 
lIo-Y-n (B20) 


MoM 

B 

<5“t y 

671tr. (SU) 

1.5 (S14) 
aba. 

[ 

1 0.4 (814) 
abs. 

Mo-d-p (814) 

Mo-n-7 (814, 812) 

TT-n <H23) 

Th-n (H24) 

Mo^2n (846) 


M6IM 

B 

r 

10 min. (S40, S22) 

1.8 (840) 
cL ch. 
(K.TJ.) 


Mo-n -7 (840, 822, 846) 

43 

43M 

B 

/s+C?) 

2.7 hr. (D4) 



Cb-a-n (E!3) 

Mo-2M» (D4) 

Mo^ (814) 


43>» 

B 1 

(S14) 

6. 6 hr. (S14) 


0.136 (814) 
spect. oonv.; 
M).18 (814) 
abs. 

MoM/5- decay (814) 


431W 

! 

B 


9 min. (S40, S22) 

1.1 (840) 
d. ch. 
(K.I7.) 


Mo^o^/S- decay (840, 822 
846) 


43 

D 


90 days (C12) 


0.096 (H25) 
speot. conv. 

M(M^ (C12, C24) 


43 

D 


62 days (C12) 



Mo^n (C12, 024) 


43 

D 

Y (E5) 

no hr. (E3) 

0.6 (E8) 

0.05,0.5 

m 

Mo-p^n (h^f E5) 


43 

E 

/3-,Y CE3) 

65 min. (E5) 

2.5 (E5) 
abs. 


MO'2>*n (E3, D4, E5) 


43 

E 


36.5 hr. (D4) 



Mo<p-n (D4) 


43 

E 


18 sec. (D9) 



Mo-imi (D3, D9) 


43 

D 

K 

^2 days (S14) 



Mo^ (814) 

44 

Bxl» 

F 


20 min. (D7) 



Hii-«.2n(?) (D7, P3) 


Rn*« 

B 

r 

4 hr. CD7, L13) 



Ru-n -7 (D7) 

Rtt-n^n (D7, P2) 

Ru-d-p (L13) 


Ru»» 

B 


20 hr. CD7) 



Bu-7i-r (D7) 
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TABLE %-<Iordinued 


BADIOZXiBUBKT 

! 

1 TYPE OF 
BADIA310K 

HAZiF-UFB 

EinBEQT OF BADIATIOK 

IN Met. 

FBOnUCBD BT 

z 

A 

1 


Particles 

T^Rsys 


44 

Ru 

F 


39 hr. CL13) 



Ru^? (L13) 


Ru 

G 


11 days (L18) 



Rn^f-r (Ills) 


Ru 

F 


90 mm. (E3) 



, Mo-ce-n (E3) 

45 

Rliiw 

A 

LT.. €- 
(P6) 

4.2 min. (P5) 


0.055-0.080 

(P5) 

abs. of ST 

Rh-n^ (P5,A1,P2) 
Ru-2MI (D9) 


RtlM 

A 

/s- 

44860. (PAAl) 

2.3 (C13) 

ftl- 


Rh-n-y (P5,A1) 
Rhio*(4.2min.) J.T. (P5) 
Rtt-iMi (D9) 


RhMS 

i 

B 


46 days (LIS) 



Rtti"^ decay (D7) 
RU’^i^ C^d3) 


Rh 

o 

>• 

1.1 hr. {P2) 



Rh-n-? (P2) 


RH 

E 


8 hr. (D9) 



Rtt-p-ft(?) (DO) 


Rh 

E 


10.7 hr. (D9) 



Ra-p-n(T) (D9) 


RK 

E 


3 days (D9) 



Rn-p-n(7) <D9) 

46 

PdM»* IM 

C 

U" 

13 hr. (E6) 

1.03 (E6) 
<d. ch. 


Fd-d-p (K6) 

Pd-»-y (Al, K6) 

Ag-n-p (F5> 


Fdui 

A 

1 

17min. (K6) j 



Pd-d-p (S6, Al) 

Fd-n^ (K6, Al) 

47 

1 

A«i«» 

E 


73 min. CB6) 



Pd-p-» CE6) 


Agio* 

s 


16.3 min. CEI6) 



Pd*iw» CE8) 


Agios 

E 


45 days CE6) 


0.29» 0.42» 
0.50,0.62 
(B6) 
spect. 

Pd'P'^ C^6) 


Agioo 

A 


1 

2.04 (F5) 
abs. 

No y (F5) 

Ag-»-2n (P6) 

Pd-d-n (P6) 

Od*4i-p (P6) 

Rli-dMi (PA E3) 

Ag-y-n ^20) 

Pd-p-y (D3) 

Pdp-« (D2, E6) 


Agios 


CP6.F5, 

A4) 

8.2 days <P6« S6) 

1.2 M 
(F5) 
ahs. 

1.06,0.69 

<m 

apeefc. 

AgMiip3s (F8,K!6) 

Pdd^ (PA N6) 

Rh-€«.s (PO) 

Pd-p-s (D2, BO) 

Cd^ CP6) 

Ag-d^jOisCr) (K33> 










CLASS 


TABLE ^Continmd 



Tirpis OF 
BAOIATXOK 

HALBHblFS 

2DNBB6T OF BADIATION 

IN MBY. 



Particles 

r-Rays 1 



* Radioao^ve isomer of stable nudieus. 
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TABXiS 2 — ContMw^d 


BADrOELEMBWT 

S 

T7PS OF 
BAOIATZOK 

TTATJBUT.TgTB 

BKBBOT OF BADIA7X01T 

inMbv. 

PBODTTCED BY 

z 

A 



Partieles 

Y-Rsys 


49 

Iniu 

D 

K,r,r 

(W7) 

2.7 das'. (B17. 

CU) 


0.17, 0.25 
(B17, 014) 
spect. cony. 

Cd-p-» {B17) 

In-n-2a (014) 

Cd-d-« (L57) 

Ag-oF>n CI<57) 


IniM* 

A 

J.T.. Y, tf- 
(B17) 

105 min. (B17) 


0.39 (B17, 
L57) 

spect. conv. 

Od-p-a (B17) 

Snu>£ decay CB17, S22) 
Od-d-n (L57) 


In«* 

i 

A 

7.r,. ^ 
(L67. 

L48) 

48 days (B17) 


0.19 (B17. 
L57) 

spect. cony. 

ln-»-Y (LIS, M12) 

: Cd-2Mi (B17) 
i In-d-p (L57) 

Od-d.» (L57) 

Zn*n-2n (I#57) 


lull* 

A 

fi- 

72 860. (L15,B17) 

1.98 (L32) 
cL cb. 


Inii« (48 days) I.r. (L48, 
L57) 

In-fi-2n (LIS, P2) 

In-Y*a (Bll, CS) 

Od-p-w (B17) 


IniM* 

A 

I,T., Y 
• (L67) 

4.1 br. (G5. B18) 


0.34 (L57) 
spect. cony. 

In«7i-n (G5) 

In-p-p (B18) 

In-ae>oe (L16) 

In-x-rays (]^, CIO) 
decay (G5) 
Cd-d^ (L67) 


lull® 

A 


13 see. CA1,C14) 

2.8 (014) 
cl. di. 

No Y (MU) 

In-n-Y (Al, L15) 

In-d-p (L15) 

Cd-p-a (D9) 


IniM 

i 

A 


54 min. (Al» L15) 

0.85 (C14, 
044) 

speot. and 
cL cb. 

1.8, 1.4, 1.0, 
0.6,0.4,0.2 
(C44) 

d. cb. recoil 

In-n-Y (Al, Hll) 

Cd-p-a (B’17) 

In-d-p (L15) 


Iniw 

A 

Y. «" 

117min. CL32) 

1 

] 

1,73 05-) 
(C14) 
spect. 


Cd«»r<iecay (G8) 
Cd-d-a (014, Ii57) 

£0 

Sni» 

A 


70-105 days (L17, 
B17) 


0.085 (B17) 
spect. cony. 

In-p-a (B17) 

Sn-d-p (LI7) 

Od-ona CL17) 


Sn<“* 

£ 

r 

25 min. (L17) 



Cd'ee-a (LIT) 


Sn<»* 


r 

3 hr. (L17) 



(Ij17} 


Sn<ii» 

E 

r 

13 days (L17) 



Od^CLl?) 


Sn<tt» 



40 mm. dll?) 


, 

Sn-d-p (LIT) 

S»w»-Y (LIT) - 
&&-n-2a (P3) 


* Kadioactiye isomer of stable nucleus. 
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TABLE 2—Coniinuei 


TiTnmT.NntnBTB*r 

a 

TTPB OF 
BAOIA.TION 

BALF-UFB 

mnBBGT OF BADIATION 

mMsy. 

PBODXn!BD BT 

^1 

A 

1 


FarticlfiS 

r*Rays 


50 

Sn<“« 

D 


26 hr. (L17) 



Sn-d-p (L17) 

Sn-7»-Y (L17) 


Sn<»® 

D 

r 

10 days (L17) 



Sn-d-p (L17) 

Sn-»wy (L17) 


Sn<«» 

D 


'>^400 days (L17) 



Sn-d-p (L17) 


Sni« 

B 


9 min. (L17) 



Sn-d-p (L17) 

Sn-w-y (Ij17} 

51 

Sb 

E 


3.5 mm. (D9) 



Sn-p-n (D9) 


Sbu«« 


/J+ 

3.6 mm. (R16) 



In-oe-n (Lid, B>16) 


SbMo 

A 

|8+ 

17min. (HIO.US) 

1.53 (AlO) 
d. ch. 


Sb-n-2n (P2. HIO) 

Sb-y>n (B20) 

Sn-d-7t (L18) 

Sn-p-n (D9) 


Bb“ 

A 

r 

2.8 days (L28) 

0.81, 1.64 
(AlO, 
M35) 

d. oh. and 
abs. 

0.96 (MSS) 
coinddabs. 

Sb-d-p (L18) 

Sb-fi^ (Al, L18) 

Sn-d-2n (L18) 

Sn-p-n (D9) 


SbiH 

A 

r 

60 days (L18) 

1.53 (MSS) 
abs. 

1.82 (MSS) 
coindd. abs. 

Sb-d-p (L18) 

Sb-n-y (L18) 

I-n-a (L18) 


Sb<i*« 

D 


3 hr. (LIS) 



Sn-d-n (L18) 


Sb<a* 

D 


^days (US) 



Sn-d-n (L18) 


Sb<i« 

D 


^2 yr. CL18) 



Sn-d4i (L18) 


SbJW 

A 

it 

80 hr. (A6) 



U-n (A6) 


SbJ»» 

A 


4.2 hr. (A6) 



U-n (A6) 


Sb>i« 

D 


<10 min. (A6) 



XT-n (A6, S21) 

Th-n (S21) 


Sb>i» 

■ 


<10 min. (A6) 



IT-n (A6) 


Sb>Mi 

1 


5 mm. (A6) 



U-n (A6) 

62 


1 

K,e' 

125 days (815) 



Sb-d-2n (SIS) 

Sn-oe-n (SIS) 

Sb-p-n (SIS) 


TeJ*» 

A 

LT.t tr 
(815) 

90 days (815) 


^.10 (H26) 
speot. cony. 

Ted-p (S15) 

I-n-p (SIS) 
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TABLE 2—Co7itmued 


BADIOELSMSSHT 

s 

TYPE OP 
BADIAOTION 

HALP-UFS 

EZTEBGY OP BAJOIATION 

IN Met. 

PBODITCED BT 

z 

A 

1 


Particles 

Y-Rays 


52 


A 

r 

9.3 br. (S15) 

i 


Te^-p (815, T4) 

I-a-p (815) 

Te-n-2n (T4) 

(90 days) I.T. (815) 
Sbw^r- decay (A6) 


Tew» 

A 

I.T., er 
(S15) 

32 days (815) 


-^.10 (H26) 
spect. cony. 

Te^2-p (815, T4) 

T©-71-2» (T4) 


Te“» 

A 

1 

i 

r 

72 min. (815, A6) 

i 



Te^p (815, T4) 

To-'ys (B20) 

Te-«-2n (HIO, T4) 
Te**»(30days)I.r. (815) 
Sb»*i9“ decay (AO) 


Ttf » 

A 

I.r., r 

(SIS) 

30 hr. (815, A6) 


0.17 (H25) 
spect. cony. 

Te^p (815) 

U-n (A6, H22) 


Teitt 

A 

r 

25 min. (815) 



Te^p (815) 

Te-n-y (815) 

U-n (A6) 

Te»«(30hr.)r,5r. (815) 


Te^ 

D 

r 

43 min. (A6) 



Sl>>iti «10 min.) jj- 

decay (A6, H22) 



D 

r 

60 mm. (A6) 



Sb>»i «10min.)i8‘ 
decay (A6, H22, 821) 



D 

r 

77 hr. (A6) 



Sb>m (5 min.) decay 
(A5, H22) 

Th-n {H24) 



D 

r 

M5xnin. (821) 



U-n (821) 

Th-n (821) 

53 

lu* 

A 


4.0 days (L19,D9) 



Sb-ik-n (L19) 

Te-p-n (D9) 

1 

ps* 

A 

i8"*T 

13.0days(L19,T4) 

1.1 (L19) 
abs. 

0.5 (L19) 
abB.Pb 

8b-ix-n (L19) 

I-n^» (T4, L19) 

Te^ CL19) 

Ta-p-n (D9) 


Iiat 

A I 

i 

|S“, T 

25 min. (Al) 

1.2, 2.1 
(B19) 
d. oh. 

0.4 (L19) 
abs. Pb 

I-n-Y (Al. T4) 

Te-d-2n (LIO) 

Te-p-n (D9) 


pso 

j 

A 

1 

Y 

12.6 hr. (LIO) 

0.83 (T7) 
oL eh. 

0.6 (Li9) 
ab8.Pb 

Ted.2n (LIO) 

Te-p^ (D9) 


pn 

! 

1 

A 

j 

j 

Y 

8.0 days (L19) 

0.687 (T7) 
oL ch. 

0.4 (Li9) 
8b8.Pb 

Te-d-n (L19> 

Tew^- decay (815 »A6 
H22) 
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BABIOSLB&CBNT 


TTOB OP 
BADIATZOK 


SmCBGY OF BADIATION 

ikMbv. 


Particles r-Rasns 


2.4 hr. (A6) 


I) N3~ 54 min. CA6) 


D r 6.6 hr. (S21, D27) 


D r 22 hr. (A6) 


PBODtrCBD BT 


Te>«i (77 hr.) r decay 
(A6, H22) 

(43 min.) r decay 
(H22, A6) 

Th-w (DO) 

Te>i» (-^16 min.) r 
decay (S21) 

Te>i« (60 min.) r decay 
(H22, A6. S21) 


B /.r.(?),e-, 75 sec. (C41) 
y (C41) 


B (C41) 34 days (041) 


0.175, 0.125 
(041) 

speot. conv. 

0.6 (041) 
abs. of 


I-p-n (B41, 041) 


I-p-n (C4l) 


A r <0.5 min. (H28) 


D J.JP., <r 4.3 days (D27) 
(S27) 


6.4 hr. (S21) 


D r <0.5 min. (H28) 


D r 17 min. (021) 


XJ-» (H28, H22, HID 
Th-n (H28, A6) 

0.083 (H26) I>Mi (22 hr.) r decay 
spect.conY. (821, D27) 

I>m (6.6 hr.) r decay 
(821, D27) 

XJ-» (H28) 

Th-n (H28) 

(H28,H22,G9.G21) 
Th-n (H29) 


A r(K 26 ) Ubr. (K26) 


A r,r 1.7yr. (E25) 

(K25) 

A r 7 min. (H28) 


D r 40860. {H28) 


D r 33 min. (H28) 


0.9 <K25) 
aba. 


2.6 (G21) 
abs. 


Os-n-Y (Al, M16, K26) 
C84-P (K25} 

Os-n-y (A8, 820, K25) 
Os-d-p (K25) 

Xew« r decay (H28. 
H22, Hll) 

Xe (<0. 5 min.) r decay 
(H28) 

Xe>“* (17 min.) r decay 
(H28,H22, 06,021) 
Pa-n (G7) 


A 1 r-.y 


)hr. CB:25) 


0.30 (D6) 
speot. conv. 


Ba^2n (£25) 
Cs-p-n (D6) 
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TABLE 2—€ofdiimed 


BADIOIDLBBnBNT 


TTPB OP 
ItADlATXON 

&ALF-IJFB 

ENBBOT OF BADIAOION 

zkMbt. 

FBOD-CCBD BY 

z 

A 




Particles 

y'ELaya 


56 

Ba«9 

A 

r 

86 znin. CP8> E28} 

1 (E2i9 
abs. 

0.6 (K25) 
abs. Pb, Cu 

Ba^p (P8, K25) 

Ba-n-v (Al, P2) 

La-n-p (P8) 

Csiw/r decay (H29.H22, 
HID 


Ba 

D 


3 min. (Al, P2) 



1 Ba.».? (Al, P2, K25) 


Ba 

D 

/S' 

--300 hr. (H28, 
G21) 



' Cs (40 aee.) fi- decayC?} 

! (G21) 


Ba>i<® 

D 

/S“ 

14 min. (H28,H22) 



u-ft (H28. H22) 

1 Th-n (H15, H14) 



E 

/s- 

<1 min. (H14) 



TJ-n (H14) 

67 

Lai*8 

F 


3.2 hr. (P2) 



La-n-2»(r) (P2) 


LaWQ 

A 

/8- 

j 31 hr. (P9) 

0.8 (P9) 
d. ch. 


Lapd-p (P8) 

Lar»-Y (P9, MIS) 


La>w® 

t 

D 

1 

r 

2.5 hr. (H28, H22) 



Ba>i<® (14min-)j8"decay 
(H28,H22,H14) 

Th-n (016) 


La>i4o 

E 

/s- 

<30 min. (H14, 
H15) 


1 

Ba> w C< 1 min.)/^-deoay 
(H14, ms) 


La 

D 


36 hr. (H28) 



Ba (—300 hr.) /J- decay 
(H28,H22,G») 

58 

Cew® 

P 

/S^ 

2.1 min. (P9) 



Ce-»-2n(7) (P9) 



0 


15 days (Rll) 

0.12 (Rll) 
spect. 


Ce-»-Y (Rll) 

59 

Pri40,i4a 

C 


3,5 min. (P9) 



Pr-n^n or Pr-n-r (P9, 
Al) 



A 

1 

! 

/8- 

18.7 hr, {P9) 



P>ji-r (P9,P2,MI8,A1) 
Nd-n-p (P9, P2> 

60 

Ndw? 

s i 

j 


84 hr. (P9) 



Nd-d-p (P9) 

Nd-n-r (P9) 

Nd-fi^(t) CP9) 


Ndw» 

E 

r 

2,0 hr. (P9) 



mrd^ (P9) 

Md^CPO) 

Nd-^^2n<f) (P9) 


Ndtti 

E 


21 miB. (P9) 

" ; 



Nd-upy (P9. H18) 
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TABLE Z—CovMnved 


KADIOBUgMSNT 

S 

type or 

BADXA.aiOK 

WATJP-T.TIP1B 

EZ7XB6T or BADZAYION 
INhlBV. 

PBODTXCED BT 

Z 

A 

1 


Particles 

j 'ir'Bays | 


ei 

61 



12.5 hr, (P9) 



Nd-^n (PO) 

(12 

fim 

1 


21 znin. (F9) 



Sm-n-Y (P9, AI, 2413, 
H17) 

Sm«9i^2n(?} (P9) 


Sm 

D 

fi- 

48 hr. (F9} 



Sm-»-y (P9, H20, Eli, 
H17) 

Sm-7t-2n(?) (P9) 

as 

En*“ 

E 

fi*- 

27 hr. <P2) 



Eu<*B^2n(?} (P9,R11) 



C 

^,y,«“(T6); 

K{7) 

012) 

2.2 hr. CPfl) 

1.88 0J-) 
(T8) 
8i>eet. 

0.123, 0.163, 
0.725 (T6) 
spect. conv. 

Eu-n-y (P9. M13, H17. 
H20) 

Eu-7t-2n(7) (P9) 

Eu-d-p (F7) 



C 

r,7(Rll. 

F7) 

>1 yr. <620, P7) 

0.8 (Rll) 
spect. 


Eu-n-y (620. Bll, P7) 


EuUMM 

E 


ISmiii. (F7) 



Eu-d-p (P7) 



E i 


105 min. (F7) 



Eu’’d>p (FT) 

61 

QdiSMci 

E 


Shr. CA1,H17) 



Gd-»i-y (A1,H20.H17) 

65 

TbM 

1 

r 

3.9 hr. (H16, H13) 



Tb-n-y <H17, P9, 203, 
H20) 

66 

DyM* 

8 

r 

2.5 hr. (H17. P9, 
H13) 

1.9 (N4) 

e|- 


Dy-a-y (H17, H20, P9. 
203) 


l>y(t) 


r 

2,2 mm. (P9) 



Dy-ft-7 (P9) 

871 

Ho»« 

E 

/s- 

47 min. (P9) 



Ho-n-2n(?) (P9) 


Ho»« 

B 

/»“ 

35 hr. (H17) 

1.6 <H20) 
aha. 


Ho-n^ (HIT. H20, P9) 

68 

Er» 

P 


1.1 min. (P9) 



Er^2n(?) (PO) 


ExsMan 

C 


7 min- (203} 



Er-a-y (203,208) 



1 

c 


12 hr. (H17, P9) 



Er-»-y (H17, H20, P9, 
B12) 

6B 


B 


lOSdays (H20) 



Tm-»py (H20, NT) 
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TABLE ^Continued 


HAPrOWiWMEMT 

S 

ttpb op 
BADIA.TION 

WAT^’gUT.TTWn 

SKnaOT OP SADIATIOK 

PBOnnCBD BT 

Z 

A 

1 



Particles 

T-Hays 


70 


c 


1 3.6 hr. (H17,M1S) 



Yb-«-Y (H20, H17. M13. 
P9) 


Yb(?) 

G 


41 hr. (P9) 



Yb-n-y(?) (P9) 

71 

I^uiTsan 

C 


4 hr. (H17, H20, 
M13) 



Lu-n-y (H20. H17, M13, 
M18) 



0 


edasns (E17,H20, 
F6) 



Lu-n-y (H17rH20rF6) 

72 


A 


55 da^ <H19) 



Hf-?i-y (H19) 

73 

Ta^»® 

A 


14-31 mia. (Bll, 
Ol) 



Ta-y-n (Bll) 
(Ta-rt^n)(?) (Ol) 


Ta^M 

A 

K. iTt y 
(01); 
erm 

8.2 hr. (01) 

<0.5(s->? 

(01) 

abs. 


Ta-n^2»(0l, P2) 


Ta« 

A 


97 days (Ol) 



Tarn-y (Ol, F0) 

Tard-y (01) 

74 

Wiw 

B 

/J-.7(M36) 

77 days (M36) 

0.4-0.5 

(M36) 

ahs. 


W-?®^ (M36) 

W"Ji“2a (IfSO) 


W187 

B 

/r,7(M36) 

23 hr. (M14) 

1.1 (M35) 
abe. 


W-R-y (M14, Al, M36) 

75 

Re 

E 

(C42) 

1 

41-55 min. (CU12, 
09) 



W-p-n (09,(342) 


Re 

£ 


13 min. (C42) 



W-p-a (C342) 


Re 

E 

a:(?), y 

(042) 

>40 days (G42) 



W-p-tt (D9, C42) 


Rei« 

B 

^ 1 

90 hr. <S15) 

1.05 (y4) 
d. ch. 

No y (<342) 

Re-a-y (S15, K7, Y4) 
(815, Y4) 

W-p-» (I>9,C«) 


R^w 

B 

p- 

18 hr. (P2) 

2.5(816) 
d. di. 
(K.U.) 


Re-n^y (P2,K7,S16,Y4) 

75 

OsiUfitt 

C j 

pr 

40 hr. <E7) 



Oan-y (E7) 

77 


c 

P- 

1.5 min. (M15) 



Wy 0415} 
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TABLE 2—'Coniimted 


H; A nTnWT.'P-HI'BiTgT 

S 

TYPE OF 

HAIiP-UFE 

mnsBGT oi 
ml 

r BADIATION 

Mbv. 

PBODUCED B7 


A 

1 



Particles 

Y-Hays 


77 

Iri«4M 

C 


19 hr. (M15.A1) 

2.2 (A2) 
spect. 


Ir-n -7 (MIS, Al, P2, J4) 
Au^,p(?) (CIS) 



G 


eOdays (M15,F6) 



Ir-n -7 {M15,r6,J4) 

78 

PfclW 

B 


18 hr. (M15) 



Pt-n-y (MIS) 

Pt-d-p (C19) 


Ptm 

B 

r 

3.3 dxys CM15) 



Pt-tt-y (M15. P2) 


PH» 

A 

Sr 

31 min. (M15) 



Pt-n-y (M15, AI, M14) 
P(wi-p (C19) 

7fl 

1 Aui* 

B 

s- 

13 hr. (M15) 



Au-n*2n (MIS) 


Au**« 

B 

r.7 

4-5 days (M15) 

0.36 (C43) 

0.41 (C43) 

Au-n-2n (MIS) 


Au»w 

A 

|8“. T 

2.7 days (M15,A1) 

0.8 (mo» 

K2) 

abs.andcl. 

ch. 

0. 28, 0.44, 
2.5 (R2, 
S17) 

01. ch.r^U 

Au-tt-y (MIS, Al, P2) 
Au-d-p (CIS) 


Au»* 

A 


3.3 days (M15) 



Pt>«jr- decay (M16) 

SQ 

Hg»« 

B 

a:, tf-, 1- 
CRll. 

A4) 

43 min. CH10,H15) 

<0.4 

CM15) 

aha. 

<0.25 (M15) 
abs. 

Hg-n-2B (M15, HIO, P2) 


TTgUMW 

C 


23hr.(M15) 



Hg-n^ (M15, A9) 

81 

Tpw 

F 


4 mm. (E3) 



Aii-a-n(?) (BF) 


TP" 

F 


3.8 hr. (K3) 



Au-«-n(?) (K3) 


TpM 

B 

r 

4.23 min. (Fi?) 

1.6 (F17) 
abs. 

No Y 

CP17) 

Tl-n-y (PIO, P2. HIO) 
Tl-d-p (F17) 

Tl-n-2n CF17, P2, HIO) 



B 

r 

1-2 yr. (FIT) 



Tl-n-y (F17) 

Tl-d-p (F17) 

8S 

Pbw 

B 


80 min. (DIO) 



Pb-n-2n (DIO) 



C 

j.ir. (?) 

52 hr. (FIT) 


-4).6 CF17) 
abs. tA e~ 

Tl-d-n (FIT) 


Pb«t 

B 

r 

S.Ohr. (Tfi) 



Pb-d-p (TS) 


Pb* 

D 

j,r., ^ 

1.0 min, (W27) 


-H).3 CW27) 
abs. of 0 - 

Pb-x-rays (W27) 


* R a cB o B cteTBiraier olwtaUbt3ienii<fettB, 
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TABLE 2 — Condtided 


BADZOEIiEllBlllT 

s 

TYPE OF 
BADIATZON 

HAZiF-IiIFE 

ENSBOT OF BADIATION 
IN MbV. 

PBODX7CEO BY 

z 

A 

i 



1 Particles 

T^Rays 


83 

Bitto 

A 

i 

l/s** 

1 

5 days (LIS) 



Bi-d^ {I43.C26.H27) 
Bi-n^ (UW) 

84 

Po»o 

A 

i 

i 

1 « 

j 

136 days 



decay (L13, 026, 

H27) 

Bi-d-n (V4, 026, H27) 


Po«i 

A 

oe 

^10“*sec. (C46, 

1 C23) 

7.6 (046, 
028) 
abs. 


85«i K decay (046, 023) 

85 

85^ 

A 


7.5 hr. <046, 023) 

6(«) (046, 
023) 
abs. 


Bi-^2n (046, 023) 

90 

UY*tt 

B 

fi- 

24.5 hr. (N5) 



Th«7i“2B (N6) 


Tli« 

A 

r 

26 min. (M17) 



Th-n-^ (M17) 

91 

Pa»» 

F 

r 

25 days (M17) 


1 

Thwr decay(?) (M17> 

92 


A 

0 - 

23 min. (II, S4) 



(JE[18, Hl4, II, 

MI9) 


u«» 

B 

CM37) 

^7 days <M37,N8) 

0.26 (M37) 
abs. 


T7-n.2n (M37.N8) 

93 

93m 

A 


2.3 days CM28, 
M19) 

0.47 CM28) 
abs. 

1 

1 

0.22, 0.27 

(H25) j 

spect. conr. 
andspecb. ; 

decay (M28) 


as possible. Eefereuces to the origmal discoveries are not given when bet- 
t® data are available in more recent publications. The references which 
are listed usually ^ve a key to the complete literature. 

The half-lives of H*, Be‘®, and 0‘*have been estimated from the measured 
intensi'ties of the radioactivities togeth® with reasonable attorned value; 
for the 3 delds. 


vn. APPLICATIONS TO CHEMISTRY 

Some of the applications of artificial radioactivity which have been made 
to chemistry are described in this section. The use of the natural radio- 
elements as “indicators” or “tracers” in jdiysical mi. dbeaEiical investi^ 
tions has found a wide application. Descriptions of the methods and 
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lypes of problems which have been solved may be found in the books writ- 
ten by Hahn (H39), Paneth (P12), and Hevesy and Paneth (H60). The 
treatises on ra^oactivity by Curie (C38) and Meyer and Schweidler (M32) 
also contain discussions of such problems. These investigations were 
limited to those few elements which have naturally occurring radioactive 
isotopes. Those elements which exist both .in the form of a stable t3?pe 
and as radioactive isotopes, such as lead (ThB), bismuth (ThC), and thal- 
lium (ThC''), are particularly suited to inves%ations of this kind. The 
“ta^ng” of atoms (for example, hydrogen, carbon, nitrogen, and oxygen) 
has also been accomplished by the use of separated (inactive) isotopes. 
This method, which is applicable in principle to any element which has 
two or more separable isotopes, has led to the solution of a lai^e number 
of problems; an excellent review of this work was written in 1939 by Rdtz 
(E22). 

The large number of artificial radioactivities now known (about three 
hundred and fifty) mates it possible to extaid the powerful radioactive 
indicator method to nearly every element. Althou^ there is at least one 
radioactive form of every element, the restrictions imposed by the haJf-life, 
which must be sufficiently long for convenient manipulation, prevent the 
use of some of the radioactivities. 

The application of the indicator method, by the use of the artificial 
radioelements, has also been made to the fields of physiology, zoology, 
biology, biochemistry, physics, medicine, and botany. Only the applica- 
tions to diemistty wfil be discussed in this review. Hevesy has written 
a review article on the application of radioactive indicators in biology and 
biochemistry, which will appear in the Annual Reviews of Biochemi^ry 
for 1940, 

The discustion of the applications which is to be given in this section, 
although not detailed, should reveal the type of information that can be 
obtained by application of the radioactive method and should give a key 
to the literature on the subject. Whenever it is necessary in tins discus- 
sion to des^nate a radioactive form of an elem^t in a chemical equation, 
this -will be done with tiie aid of an asterisk; for example, bromide ions 
which have been “labelled” as the result of the presence of radioactive 
bromide ions will be written Br“*. (The asterisk as used in table 2 has 
another meaning^ — ^namely, to denote radioactive isomers of stable nucM. 
It is not Bkely that this usage, which is in conformity with the practice of 
nudear physics, will give rise to confusion.) 

1. Exciiange reactions 

Perhaps the most ^tentive chemical application of the artificial radio- 
dements as indicators has been to the study of “^change reactions.” 
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The first exchange experiments were performed by Heveay and coworkers 
(H56), who used the natural radioactive lead isotope ThB to d^onstrate 
a rapid exchange between the lead atoms in aqueous lead nitrate and lead 
chloride and also between plumbous and plumbic acetates in acetic acid 
solution. Reitz (E22) and Rosenblum and Flagg (R20) have written re- 
views (1939) on the applications of artificial radioelements for the measure- 
ment of exchai^e reactions. Exchange reactions were discussed also by 
Brejneva and Roginst^ (B49). In exchange experiments the atoms of an 
eluent, in one of its valence forms or t3q)es of chemical combination, are 
“labelled” by admixture with some radioactive isotope of the element which 
is in the same form of chemical combination. To this system is added the 
element in another state of valence or form of combination (contaanii^ none 
of the radioactive isotope) ; the presence of radioactivity in this second chem- 
ical form, after it has been separated from the first, eOiows that an effective 
exchange of atoms between the two different states of the element has tfJcen 
place. Complete exchange has been attained when the radioactivity has 
distributed itself between the two chemical forms in the same ratio as the 
amounts of the element in the two forms, that is, when the ^edfic activity 
is the same. In all exchange reactions, r^ardless of the order, the rate 
varies with time according to the law for first-order reversible reactions, 
since the chemical composition of the reaction mixture remains imchar^ed 
(M34). 

The following description of exchange work riiould serve to illustrate 
the type of information which can be obtained from such experiments. 
For example, these e^eriments ^ve mformation on chemical bond types, 
the strmigth and reactivity of chmical bonds and rite effect of i^lvents on 
these properties, the reactivities of ions and compounds, the sriucture of 
ions and compounds, the mechanism of reactions, and the mechanism of 
catalysis. In addition, exchange, reactions often offer an excdlent and 
convmient method for the introduction of radioactive atoms into 
compounds. 

The experiments of several groups of investigators have shown that the 
tbermal exchanges between halogens and the correspondh^ hfJide ions 
in aqueous solution at room temperature are practically instantaneous. 
Radioactive Cl**, Br*®, Br**, and I“* were used as indicators. Loi^ and 
Olson (L39) were able to show, by means of a method of competing reac- 
tions, that radiochlorine and chloride ion, in acidified aqueous solution, 
undergo an extremely fast exchange, and Halford (HS8) has pointed out 
that their results, t^en togetixer with oth^ data, ^qw that the half-life 
for the exchange is less than 10~* sec. for 1 M Cl“. Roginsky and Gop- 
stdn (R21) and Dodson and Fowler (D18) ^wed that the bimnine- 
bromide exchange is very rapid in aqueous soluticm, while Hull, Sbiflett, 
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and Lind (H40), Juliusbej^r, Topley, and Weiss (Jl), and Dodson and 
Fovder (D18) showed that the same is true for the iodine-iodide exchange. 
Topley and Wmss (T9) have diown that bromine and hydrobromie acid 
exchange bromine atoms rapidly also in dry carbon tetrachloride at room 
temperature, and libby (L55) has shown that iodine and antimony tri- 
iodide undergo exchange within 20 min, in dry pentane at 37°C. 

Brejneva, Ro^nsky, and Schilinsky (B34) found complete exchai^e at 
room temperature within 10 min. between solid aluminum bromide (Al 2 Bre} 
and either gaseous bromine or hydrogen bromide. Exchange experiments 
between gaseous bromine and solid cupric bromide led Eoginslsy and 
Gopstein (E21) to the unexpected conclusion that the two bromine atoms 
in solid cupric bromide are not equally reactive. Kolthoff and O’Brien 
(E20) found an exchange, more than 50 per cent complete in 100 min. 
at room temperature, between bromine gas and solid silver bromide. 

HuU, Shiflett, and Lind (H40) showed that there is no very rapid ex- 
change between iodine and iodate ion in 1 JV sulfuric acid solution. The 
experiments of Libby (L43) show that there is no appreciable rate of ex- 
chai^e at room temperature between perchlorate ion and chlorate ion or 
between perchlorate ion and chlorine or chloride ion in either acid or 
alkaline solution. He finds that chlorate and radiochloiine exchange at a 
measurable rate in acid solution, the half-time of the reaction being about 
95 min. in 1 M sodium chlorate and 2 M sulfuric acid. Libby (L43) and 
Bohefson (R24) found that bromate and bromine exchange at a faster rate 
in aekl solution, while Eaonedy (K17) and Libby (L43) used radioactive 
to ^ow that iodate and iodine exchange in acid solution. According 
to libby (L43), the exchange rates seem to increase in the same order as 
the ordinary reactivities of the halate ions. Polessitsky (P17) found that 
brmnate and bromide, as well as iodate and iodide, do not exchange even 
after hours at 100°C. (presumably in sH^tly alkaline solution). 

It has been found by many investigators (S28, H40, M24), using radio- 
active Cl*®, Br“ Br®*, and I“® as indicators, that the non-ionizing alkyl 
halides (as well as the alkyl dihalides, haloforms, and tetrahalides) do not 
undergo thermal exchange at any appreciable rate at room temperature 
with free halcgens or halide ions. SzUard and Chalmers (S28), who were 
probably the first to make this observation, irradiated with neutrons 
compounds such as ethyl iodide<and bromoform, from which they separated 
the radioactive atoms in concentrated form as silver halides. For iodine 
and either methyl iodide (M24) or ethyl iodide (H^) exchange was not 
observed even after about 15 min, at 90-l{)0“C. However, fixebangRa 
of this t 3 npe do take place when certain solvents are used for the mixtures 
of alkyl Imlides and inorganic halides or halogens. McEay (M24) and 
Ju&isbeager, Topley, and Wmss (Jl) found that iodide undergoes rapid 
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exdbange (1 to 2 min.) with, methyl iodide at room temperature in ethyl 
alcohol (Jl, M24), acetone (M24:), or amyl alcohol (M24). When iodine 
was substituted for iodide, the exchange required an elevated temperature 
(M24); complete exchange occurred in alcohol after 15 min , at 100*0. 
However, McKay (M24) and Juliusberger, Topley, and Weiss (Jl) did 
not observe exchanges at room temperature between iodide and ethyl, 
n-propyl, isopropyl, and methylene iodides in ethyl alcohol or between 
iodide and iodoform in acetone; McKay (M24) found that all of these 
exchanges did occur within 15 min, in solvents at 100*0. Hull, Shiflett, 
and Lind (H41) also showed that the exchange between iodide and ethyl 
iodide in alcohol was slow at room temperature and very rapid (< 1 min.) 
at 100*0. There is a pronounced difference between the bdiavior of 
methyl iodide and the other allgrl halides in these experiments. 

McKay (M24) has demonstrated that phenyl iodide, p-nitroiodoben- 
zene, and p-iodoaniline do not exchange with iodide at 100*0. in ethyl 
alcohol, and it was shown by Friedmann, Solomon, and Wertheasen (FlO) 
that the bromine atoms of phenyl bromide and sodium bromide do not 
interchange. Juliusberger, Topley, and Weiss (J2) showed that only the 
negative, ionizing iodine of diphenyliodonium iodide exchanges with 
iodine in a water-alcohol mixture at room temperature. 

Brejneva, Roginsky, and Schilinsky (B34, B35) found in a detailed 
study that the very reactive reagent aluminum bromide, at room tempera- 
ture with no auxiliary solvent, did rapidly exchange bromine atoms with 
certain alkyl bromides, benzyl bromide, and all the bromines in certain 
alkyl polybromides; the exchange also occurred with the aromatic bro- 
mides, but was much slower. Th^e experiments pve important informa- 
tion on the strength of a ntunber of bromine-carbon bonds. They also 
observed a fast exchange between aluminum iodide and ethyl iodide, and 
suggest that the use of radioactive aluminum halides should offer a genm^ 
convenient method for the synthesis of radioactive oi^nic halides. The 
radioactive aluminum halide can be prepared by taking advantage of the 
complete exchange between solid aluminum halide and gaseous radioactive 
halogen or hydrogen halide. In a later communication Brejneva, Rogin- 
sky, and Schilinsky (B46) show that, although two alkyl bromides do not 
rmdeigo exchange alone, the prince of aluminum bnunide i^Eects ex- 
change according to the foQowin^ mechanism: 

RBr* -b AlBrs ^ BBr AlBi^r* 

R'Br + AlBrjBr* R'Br* -1- Al&i 


RBr* + R'Br ^ R'Br* + RBr 



254 


QhmN T. SSABOBG 


In the presence of altiminum bromide and no aimliaiy solvent, exchange 
between the pairs ethylene dibromide and ethyl bromide, bromoform and 
ethyl bromide, amyl bromide and ethyl bromide reached practical com- 
pletion in experiments of 45 min. duration. 

Some thermal and photochemical exchange reactions of bromine have 
been studied by Wilson and Dickinson (W22). They found a rapid 
thermal exchange (within 10 min.) between radioactive bromine and eiiher 
arsenious bromide or stannic bromide at room temperature in carbon 
tetrachloride solution. In the same solvent no thermal exchange was 
observed to occur between radioactive bromine and either ethylene di- 
bromide (65 min.) or trichlorobromomethane (40 min.) in the dark at 
100®C., but a rapid exchange (practically complete in 20 min.) between 
bromine and trichlorobromomethane is induced by green light at 76®C. 

Grinberg and Filinov (G20) showed that radioactive bromide ions in 
aqueous solution at room temperature undergo complete exchange with 
the four bromine atoms of E 2 PtBr 4 and the six bromine atoms of K 2 PtBr 6 . 
They state that this probably means that the six positions of the bromines 
in the octahedron of PtBr«" are equivalent. Polessitsky (P17) performed 
exchange experiments to demonstrate the equivalence of the four iodine 
atoms in KJB[gl 4 . 

Brejneva, Roginsky, and Schilinsky (B34) used radiobromine to show 
that gaseous bromine and hydrobromic acid undergo complete exchange 
within 15 min. at room temperature. In a more detailed investigation 
liberators and Wiig (L45, L46) showed this exchange to be homogeneous 
and non-photochemical in character and almost complete within 2 min. 
As a mechanism they suggest a chain involving bromine atoms reacting 
according to 

Br + HBr* = HBr + Br* 


and 


Br + BrBr* = BrBr + Br* 

followed by similar reactions of Br* with hydrogen bromide and bromine, 
and they suggest that the primary bromine atoms are produced in the 
ionization processes associated with the radioactive bromine radiations, 
lobby (L47) also observed a fast exchange, and he su^ests as an alterna- 
tive mechanism a direct bimolecular reaction between bromine and hydro- 
gen bromide through an HBrj complex. The question of the mechanism 
has not yet been settled. Lobby (147) found that iodine and hydroiodic 
acid undergo exchange either in the gaseous state or in dry pentane, 
liberatore and Wiig (L46) showed that gaseous hydrogen bromide and 
ett^rl bromide do not undergo exchange at room temperature even when 
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exposed to the full li^t of a 600-watt tuugstoi lamp for 9 hr. However, 
rapid thernoal exchaage takes place when hydrogen bromide and ethyl 
bromide are heated to 200-300‘’C., and they si^est as an explanation the 
equilibrium CjBtBr = + iTOr. 

. Ruben, Norris, and Nahihdky (R31) used radioactive to show that 
there is no exchaage between gaseous carbon dioxide and carbon monoxide 
within 1.5 hr. at 200“C. 

Andersen (A3) used radioactive S“ (88 days half-life) to demonstrate 
that there is no exchange between the two sulfur atoms in thiosulfate ion, 
and thus proved that the sulfur atoms in thiosulfate are not equivalent. 
Voge and Libby (V8) and Voge (V6) have also used the radioactive S“ to 
study the exchange of sulfur atoms between various valence forms of sulfur 
in aqueous solution. They found that an exchange took place (within 
the time taken for the experiment, 1 hr.) in polysulfide at 100®C., thus 
demonstrating a probable equivalence of the sulfur atoms in the poly- 
sulfide ion. They also observed a much slower exchange of sulfur atoms 
between sulfide ion and thiosulfate ion (after about 20 hr.) at 100°O. 
Their experiments showed that there is no appreciable exchange between 
sulfide ion and sulfate ion in alkaline solution or between sulfite and sulfate 
in either alkaline or acid solutions, even after 36 hr. at 100°O. They 
showed that there is no exchaage of sulfur between aqueous thiosulfate 
and sulfite within 20 hr. at 20°C., but thiosulfate and sulfite completely 
exchange one sulfur within an hour at 100°O. This is in agreement with 
the results of Andersen concerning the non-equivalmce of the two sulfur 
atoms in thiosulfate. Graseous sulfur dioxide and sulfur trioxide did not 
exchange at temperatures appreciably bdow those at which di^odation 
of the trioxide might be expected. Cooley, Yost, and McMillan (C26) 
have shown that no exchange occurs when elementaiy sulfur is dissolved 
in carbon disulfide and the solution kept at a temperature of 100°C. for 
68 hr. 

The exchange reactions of manganese in its various valence states in 
aqueous solution have been investigated by Polissar (P13), who used the 
radiomanganese (Mn”*) of 2.6 hr. half-life as indicator. 1^ experiments 
showed that manganous ion and manganic ion (present as the manganic 
oxalate complex ion), undergo a rapid and complete exchange. He found 
that there was no rapid exchaage between the following pairs oi val^rce 
states: (a) permanganate ion-manganous ion, (5) permanganate ion- 
mai^anic ion (oxalate complex), (c) permanganate ion-manganese dioxide 
(solid), and (d) manganous ion-manganese dioxide (solid). libby (L43) 
found a very rapid exdiange at room temperature between manganate 
and permanganate ions; it seems certain that the m^hanism involves an 
electronic exchange between the two ions. 
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Perrier and Segc^ CP14) used the 14.3-day radiophosphoms (P“) to 
investigate the pcesibility of an exchange between phosphate and hypo- 
phosphite in aqueous solution. Their experiments showed that there 
was no eynhang p. rithcT dluing 10 days at room temperature or 24 hr. at 
lOO^C. in neutral or acid solution. Wilson (W18) showed that there is 
no exchange between phosphate and phosphite mther in acid or alkaline 
solution within 1 day at 1()0“C., or in acid solution after 26 days at 25“C. 
His results also showed that, if the phosphorus atoms in h 3 rpophosphoric 
acid (HiPjO*) are equivalent, the equilibrium constant for the formation 
of hypophosphoric add from phosphorous and phosphoric adds is less 
than 8 X 10“® (mole"^ liters) at 25“C. in 5.6 M hydrochloric add. 

Wilson and Dicldnson (W19) used radioarsenic (As’®, 26 hr. half-life) 
to show that arsenate and arsenite do not exchange, in dther acid or 
alkaline solution, even after 3 hr. at 100“C. 

Some exchange reactions of iron were studied by Kennedy, Ruben, and 
Seaboi^ (K16), who used Fe*® (47 days) as indicator. They studied 
oxidation-reduction exchanges and found that ferrous and ferric ions 
undergo instantaneous exchange (< 10 sec.) in 6 AT hydrochloric add 
solution at room temperature, while feirocyanide and ferricyanide ions 
do not exchan^ in sli^tly add or slightly alkaline solution within 3 days 
at room temperature. Ferric ion and ferricyanide ion do not exchange. 
Likewise, no orchange of iron atoms occurs in precipitates of either Prussian 
blue or T^imbull's blue. Ruben smd Nahinsky (R31) used the 43-min. 
Kg’®’ to show that mercurous and mercuric ions undergo rapid exchange 
in aqueous solution at room temperature. 

Ruben, Kamen, and Frenkel (R32) have employed the 10.2-min. Mg®’ 
to study the nature of the magnesium bonds in chlorophyll. There was 
no exchai^ in 40 min, at mom. temperature between Mg++ and highly 
purified samples of dther chlorophyll a or chlorophyll 6 in a buffered 80 
per cent acetone solution. The exchange between Mg++ and the mag- 
nesium compound of 8-hydroxyquinoline proceeds rapidly in aqueous 
ethanol solution at room temperature. These investigators also used 
radioactive Fe*® to show that there is no exchange between Fe+++ and ferri- 
honc^obin in aqueous solution or between Fe+++ and ferriheme in ethanol 
at room temperature even in experiments lasting several weeks. Since 
it is known from mf^netic susceptibility measurements (P20) that the iron 
in both oi these molecules is held by ionic bonds, it seems that the highly 
^ymmetrii^ electrostatic field of the poiphin ring is sufficiently strong to 
prevmt any reyerdble equilibrium involving the central metal ion. 

A few solid-phase-liquid-phase exchange reactions have been studied. 
Rofiin (B26) has invest^ted the exchange between metals and their ions 
in aqueous solution. In a qualitative expmment he found appreciable 
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exchange when inactive zinc metal, in the form of a powder, was shalrftn for 
1 hr. at room temperature with a solution of zinc ddoride which contained 
radioactive Zn“ prepared by the deuteron bombardment of zinc. Also, 
RoUin used the 8.2-day Ag^®*, prepared by the deuteron bombardment of 
palladium, to measure the exchange between metallic silver, in the form 
of a mirror on a glass surface, and tilver ions in a silver nitrate solution. 
In some experiments the metal was labelled with the radioactive Ag^®®, 
while m others the ions were radioactive. He found that exchange 
amounting to ten to one himdred atomic layers took place within an hour 
or two at room temperature. This seems to be e^^licable on the basis of a 
mechanism which involves local electrolyas caused by the existence of 
irr^ularities on the surface of the metal. Hevesy and Biltz (H49) had 
previously used a naturally radioactive lead isotope to demonstrate an 
exchange between metallic lead and a k>lution of plumbous salt in contact 
with it. 

Kolthoff and O’Brien (K20) used the 4.4r-hr. Br*® for the study of the 
exchange between bromine and solid silver bromide at room temperature 
with ethyl bromide as solvent for the bromine. They found that complete 
exchange occurs in a few hours with fresh silver bromide, and that the rate 
of exchange decreases when the age of the precipitate is increased, until 
finally no exchange occurs with drastically aged silver bromide. They also 
measured the exchange between radioactive iodine (uting 1“*) and fresh 
silver bromide with ethyl iodide as solvent for the iodine. In a similar 
manner Kolthoff and Yutzy (K19) measured the exchange between silver 
chloride and chloride ions, and Kolthoff and O’Brien (K21) and Poles- 
sitsky (P17, PIS) measured the exchange between silver bromide and 
bromide ions in aqueous solution. Such experiments lead to tiie determir 
nation of the rates of agmg of precipitates. Kolth<^ and coworkers have 
previously applied naturally radioactive elements to problmis of this t3pe. 

Altiiough the subject of exchange reactions is too complicated to make 
accurate, complete generalizations postible, it seems profitable to make a 
few rou^ statements about homogmieous exchmige reactions. If we 
consider ^changes of a given element between two sorts of molecules or 
ions in which it is held by electron-pair bonds to different numbers or 
kinds of other atoms, we may say in general tlmt such exchange reaeticms 
do not proceed with appreciable rates except in those cases where tiiere are 
reversible reactions which enable tiie exchangii^ atoms to reach eqaivaleat 
states of chemical combination. For example, there is no exchange of 
atoms between phosphate and phosphite kms, sulfate atnl sulfite ions, 
sulfur and cm^bon disilfide, iodide ion and iodoform, ebe. On tixa oth^ 
hand, exchanges have been found between Corine and chkacate iha (drm 
to the oxidation-reducticm equilibrhim), between lead nitrate and lead 
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chloride (aa extreme example of the ionization exchange mechanism), and 
between iodide ion and iodine (through the fonnation of a symmetrical 
intermediate, Ia“). Most of the homogeneous exchange reactions reviewed 
in this section may be classified as one of these particular types. When 
the two exchai^ing molecules differ only in their net charge, another 
exchange mechanism — ^the transfer of an electron from one to tiie other — 
may become posrible. For example, exchanges have been observed be- 
tween Fe++ and Fe+++ and between Mn 04 — and MnOi”. It is no doubt 
true that some exchanges occur through a simple transfer of atoms between 
molecules during a collision; such a mechanism is a special case of exchange 
throu^ the formation of an intermediate. In many cases, the observa- 
tion of exchanges of this sort suggests the existence of unstable inter- 
mediate which mi gh t, not be known from other reaction studie. 

S. Study tif reaciion mechamsms 

The artificial radioelements offer a powerful tool for the study of re- 
arrangements and reaction mechanisms in general. A few example will 
serve to illustrate the type of problems which can be solved by this method. 

Hughe, Juliusbeiger, Mastermann, Topley, and Weie (H42) have 
used radioiodihe (I'^^ to make a earful measurement of the rate of ex- 
change betwen iodide ion and sec.-octyl iodide in acetone solution. They 
showed that this rate was equal to the velocity of racemization of the d-sec.- 
ociyl iodide by iodide ion under identical conditioiis and hence established 
in a direct way tiie fact that the inversion is preceded by a substitution, 
in agreement with the ideas of Olson and Long (04) . Hughes, Juliusberger, 
Scott, Topley, and Weiss (H43) employed the same method to prove that 
the racemization of a-phenylethyl bromide in the presence of bromide ion 
is preceded by a substitution. 

RoUefson and Libby (B25) used radioactive to study the nature 
of primary photochemical processes in solution. They use the fact that 
no exchange of chlorine atoms occurs within 30 min, at room temperature 
in an illuminated solution of radiochlorine in carbon tetrachloride to help 
them deduce that the hi^ eflBciency of photodissociation processes in 
solution is due to a hi^ primiary eflSciency rather than to reaction of the 
dissociation products with the solvent. The availability of long-lived 
radioactive isotopes of antimony, tellurium, arsenic, zinc, etc. should uoake 
it possible to ^tend the scope and sensitivity of Paneth’s mirror technique 
(P19) for the detection of free radicals. Leighton and Mortenson (L53) 
have already used the natural radioactive lead isotope BaD in an applica- 
tion of the highly sensitive radioactive method to test for free radicals in 
photochemical reactions. 

Olson, Halford, and Homel (05) used radiochlorine to demonstrate 



ARTIFICIA.Ii RADIOACTTVITT 


259 


tliSit tii6 r6£iiTdiig6Z]CL6iit of i\r-chloroRC6tai]LiIide to o- Rnd p-chloroacotaiiilids 
proceeds, not by means of an intramolecular rearrangement, but through a 
mechanism which involves a chlorine intermediate. Long (L40) was 

able to show that the racemization of chromioxalate ion, Cr(C204)3 , 

does not proceed through an ionization mechanism, since his experiments 
with radiocarbon (C^, 21 min. half-life) showed that there is no exchange 
between oxalate ion and chromioxalate ion. Ettle and Johnson (E12) 
used radioactive CP® to show that the interconversion in aqueous solution 
of green l:6-dichiorobisethylenedianiinocobaltic chloride to the violet 
1: 2-isomer does not proceed by an intramolecular mechanism. 

Wilson and Dickinson (W19), using the radioarsenic (As^®) of 26 hr. 
half-life, found a measurable rate of exchange between trivalent and 
pentavalent arsenic in acid solution in the presence of iodine and iodide 
ion. They used the radioactive indicator method to measure k and at 
equilibrium for the reaction 

HsAsOa + If + H 2O ^ H3ASO4 + 31“ + 2H+ 

and showed that the values which they obtained agreed with those ob- 
tained from measurements made far from equilibrium. 

Experiments of the kind performed by Brejneva, Rogmsky, and Schilin- 
sky (B35) described above (study of aluminum bromide-organic bromide 
exchanges) should offer an insight into the mechanism of halogenation 
catalysis by substances of the aluminum bromide type. These same 
investigators (B44) made a detailed study of the kinetics of the aluminum 
bromide-ethyl bromide exchange reaction in carbon disulfide solution, 
where the rate is sufficiently slow for convenient measurement. They 
found an activation energy of 11 kg-cal. and favor a mechanism which 
involves the formation of an intermediate complex with the formula 
RAIBr4. 

Brejneva, Roginsky, and Schilinsiy (B45) have mixed solutions of 
bronoide ions in water and in ethyl alcohol in order to measure, with the aid 
of the 4.4-hr. Br®® and the 34rhr, Br®^, the rate of exchange between bro- 
mide hydrate and bromide alcoholate: 

Br”(H20)n + Br"'(C2H50H)p?=iBr‘’(H20)i(q*H50H)< 

Surprising results were obtained. They found a rather slow rate; a time 
considerably longer than 10 min, was required for complete exchange at 
— 31®C. Further experiments on this *‘inter-soivate” exchange were 
performed by Roginsky and Tartakovskaja (RSO), who Showed that 
chloride and iodide as well as bromide ions showed slow solvate exchange 
at room temperature for the following pairs of mixed solvents: methyl 
alcohol-water, acetone-water, glycerol-water, glycerol-acetone, and 
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ethyl alcohol-water. Rogiiisky and Afanaaev (R35) have made a detailed 
study of the Mnelics of this type of ^change, using bromide ions and 
water-acetone mixtures at temperatures of 0°, 16® and 32®C. 

Le Roux and Sugden (L41) have used radioactive Br®” and Br*® to make 
a detailed study of the kinetics of the slow exchange of bromide ion and 
n-butyl bromide in aqueous acetone (90 per cent acetone by volume) over a 
range of temperatures from 0® to 65®C. Elliott and Sugden (E7) have 
extended these experiments to include three more alkyl bromides. The 
activation enei^s found are: ?^-propyl, 18.12; n-butyl, 18.87; isobutyl, 
20.21; isopropyl, 22.94 kg-cal. The speed of these bimolecular reactions 
is of the same order of magnitude as that predicted for a gaseous system 
on the colMon hypothecs; isopropyl bromide shows the high^ value for 
the ^eetive collision diameter. 

Tuck (TIO) has measured the rate of exchange of radioiodine (I“®) 
with tertiary butyl iodide in liquid sulfur dioxide under conditions which 
enabled htm to deduce the velocity of electrolytic dissociation of the butyl 
iodide from the measurements. 

It should be pointed out that the long-lived radiohydrogen (H?) and 
radiocarbon (C*®) offer opportunities for the study of many very important 
reaction mechanisms, and a few such experiments are in progress at the 
present time. 

S, BecKtims of high-energy atoms 

The work which has been done on the mechanism of the Szilard-Chal- 
mers method of concentration and on the meckanism of the nuclear isomer 
separation method will be described in this section. This will include a 
discussion of the reactions and behavior of the atoms and molecules of 
very h^ energy whidi are formed as the result of neutron capture and 
isomeric transitions. 

Szilard and Chalmers (SZS) first demonstrated that a neutron-capture 
radioactivity can be very h^hly concentrated by suitable chemical meth- 
ods. They irradiated ethyl iodide containing traces of iodine with neu- 
trons and found that they could extract most of the radioactivity with 
water; this activity (I“®) was associated with an amount of iodine which 
was equivalent to only a small fraction of the total irradiated iodide. 
Later, Fermi and coworkers (Al) separated concentrated radioactive halides 
from neutron-irradiated halogenates and radioactive manganese dioxide 
(Mn") from inadiated potassium permanganate. D’Agostino (D19) 
studied th^ processes in more detail and also separated concentrated 
active arsenic (As™) from irradiated cacodylic add, (CH*) 2 AsOOH. 

The formation of a radioactive isotope by neutron capture (the 
reaction) is accompanied by the emission d gamma-rays with an average 
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energy of 3 to 6 Mev. (R23, Fll, K16). The emisaon of a gammariay of 
energy E (Mev.) imparts a recoil energy of 535 E^/M electron volts to an 
atom of atomic wei^t M when the nucleus of that atom captures a slow 
neutron. This energy, which, for example, amoimts to about 100 electron 
volts in the case of manganese, is practically always sufficient to disrupt 
the molecule which contains the irradiated nucleus. 

When the newly formed radioactive atoms are in, and remain in, a 
chemical form which is separable from the bulk of irradiated compoimd, 
there is obtained a high percentage of extraction of the radioactivity from, 
and hence small retention by, the irradiated compound. D’Agostino 
(D19), for example, found that he could extract as silver chloride prac- 
tically 100 per cent of the 37-min. Cl®* when solid or aqueous sodium 
chlorate or perchlorate was irradiated with slow neutrons. He showed 
in similar experiments that there is also practically no retention of I“® 
by solid or neutral aqueous sodium iodate; the same is true for As™ when 
cacodylic acid is irradiated. 

However, there are several factors which may act to decrease the per- 
centage of extractable activity. The newly formed radioactive atoms 
may undergo thermal exchange (qf. section VII, part 1) with the inactive 
atoms in the irradiated compound and hence reSnter the original form. 
Or the hi^-energy fragments which contain the radioactive recoil atoms 
may react while activated with surrounding molecules so as to form new 
molecules or re-form the irradiated molecules. The mechanism of the 
expulsion process and the reactions of such hi^-energy atoms have been 
the subject of rather detailed study by several groups of investigators. 

Erbacher and Philipp (E8) studied the separation of radioactive halogens 
by aqueous extraction of irradiated alkyl halides. However, these in- 
vestigators were only interested in obtaining the radiohal<^ens as free as 
possible from inactive halogens and did not make a detailed study of the 
efficiency of the ^traction process^. 

Gluckauf and Fay (G16) have shown that the h^-energy halogen 
atoms expelled by recoil from capture gammarrays can frequently ^ve 
rise to substitution products. They found, for mcample, dibromofaenzaie 
from irradiated bromobenzene, methylene iodide from methyl iodide, 
bromoform from methylene bromide, carbon tetrabromide from bnano- 
foim, etc. Identical yields of metiiylene iodide from irradiated methyl 
iodide were obtained over an extremely wide temperature interval (+15“ 
to — 195®C.), which shows that it is not an ordinary thermal reaetirm Imt 
rather a substitution of a hydrogen atom in methyl iodide by a hi^-energy 
recoil radioactive iodine atom. Conmderable activity remaiim in 
nri giTial methyl iodide, showing that the recoil iodine atmns can repl^ 
halogen as well as hydrc^en. They also showed timt the rectffi halogens 
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can replace liydro:!grl, amino, carboxyl, and — CHSjOH groups. That 
such reactions offer a method for the synthesis of concentrated radioactive 
halogen compounds is illustrated by the fact that practically pure radio- 
active phenyl iodide can be separated from methyl iodide irradiated in 
baizene solution. 

The experiments of Lu and Sugden (L42) were designed with the view 
of finding methods for increasing the yield of extractable radioactive halo- 
gens from irradiated organic halides. They used, as extracting agents, 
acidic and alkaline aqueous solutions as 'well as finely di'vided metallic 
powders and metallic foils. With bromobenzene and iodobenzene the 
presence or absence of free halogen during irradiation has no effect; with 
the aliphatic halides the presence of halogen increases the percentage of 
extraction. Radioiodine is separable mainly as the free element; radio- 
dilorine and radiobromine as anions. They found that a small amoimt of 
aniline present during the irradiation has a very marked effect in increas- 
ing the fraction of actmty which can be extracted by acidified water. 
They surest that this effect is explained by the reaction 

R -h X* + NHaCjHs ->• C*H6NHi^R•^- -b X*" 

where R represents the h^hly energetic molecular residue which remmns 
after the disruption of the molecule RX following the recoil of the radio- 
halogen X*. However, other explanations of this effect may also be 
advanced. 

libby (li43) has made a study of the reactions of the hi^-energy recoil 
atoms which result after the formation of radioactive Cl**, Br*®, Br®*, 
1“*, P**, Mn**, and As” by neutron capture. The halogenates show 
practically zero retention of activity in neutral or alkaline aqueous solu- 
tion, while some retention occurs in acid solution. The time independence 
of the retention in the case of acid chlorate indicates that it is the high- 
energy recoils which are interchaining instantaneously to form radioactive 
chlorate. The increase of retention -with increase of time between uradia- 
tion and extraction indicate that thermal exchange is occurring between 
acid bromate and iodate and their products {cf. section VII, part 1). 
lobby su^ests that the reteition of activity by the oiganic halides is best 
explained laigdy by the recombination of a stopped X* particle with its 
residual free radical or ion in the same reaction “cage.” The lack of 
dependence upon environnmnt in the case of the pho^hate retention 
experiments (approximately 50 per cent of the acti'vity extractable as 
phosphite in all cases) indicates that the initial recoil entirely determines 
the retention. The recoil products from irradiated permanganate undergo 
a wide range of follow reactions as determined laigdy by the environment. 
Ihe remarkable complete retention of actiirity observed in the case of both 
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arsenate and arsenite is explained on the basis of no change in valence 
during the recoil, followed by hydration reactions more rapid than any 
oxidation or reduction reactions with water. Suess (S48) studied tiie re- 
actions of the high-energy bromine atoms formed as the result of neutron 
capture by gaseous ethyl bromide. 

Another source of high-energy atoms is furnished by isomeric transitions. 
Seg^, Halford, and Seaborg (SIO) first showed that the energy released 
during the radioactive transition from an upper to a lower isomeric state 
of a nucleus can be used to effect a chemical separation of two genetically 
related nuclear isomers. Subsequent work by "Willard (W20) and Seaborg, 
Friedlaender, and Kennedy (S32) has shown that, for isomeric transitions, 
activation and bond rupture occur, not as the result of recoil mergy (which 
is usually very small in isomeric transitions), but as a consequence of the 
high state of electronic excitation which results from the vacancy in the 
K- or Irshell created by the emission of the internal-conversion electron. 
Willard deduced this mechanism from the fact that isomeric transitions 
can initiate reactions which could not occur with miergies as small as the 
recoil energies, while the other investigators were able to show that bond 
rupture occurs only when the transition gammarrays are internally con- 
verted and not in the case of isomeric transitions with unconverted gamma- 
rays of even higher energy. Fairbrother (F12) also suggested this mecha- 
nism on the basis of experim^ts similar to those of Willard. 

The radioactive isomeric transition from Br“ (4.4-hr. half-hfe} to Br“ 
(18-min. half-life) has been used to initiate a variety of chemical changes. 
S^r§, Halford, and Seaboig (SIO) used this transition to activate the 
hydrolysis (or decompodtion) of <ert. -butyl bromide; Le Roux, Lu, and 
Sugden observed the decomposition of ethylene dibromide (L36, L42) and 
the hydrolysis (or decomposition) of a-butyl bromide (LSfi); DeVauIt 
and libby (D12) observed tiie rupture of bromate ion; Fairbrother (F12) 
studied the decomposition of ethyl bromide. These reactions were all 
established by the presence of the 18-min. activity in the reaction prod- 
ucts. Lu and Sugden (L42) found that the activated bromine from the 
decomposed ethylene dibromide reacts to some extent with metals, such 
as tine powder and aluminum, copper and silver foil, as idiown by the 
extraction of the 18-min. activity by th^ metals. Willard (W20) found 
that this transition activates bromine in such a way as to enable it to 
replace one of the chlorines in carbon tetrachloride; experim^te over a 
wide range of temperature show the reaction to be indep«id«Jit <ff tempera- 
ture, as should be e:q)ected. In a cmitinuatiwi of thfe wotk WlHard- 
(W23) has observed a wide range of reactiem effknencies fw a nimd>er of 
reactions activated by this isomeric tranrition. He stwikd ihe reaetion 
of brennine with etiier and with mineral oil, the gasH-phase deoosnpomtuHk 
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of ethylene dibromide, the decomposition of ethyl bromide, the reaction 
of cinnamic acid dibromide with carbon tetrachloride, and the reaction of 
bromine with carbon tetrachloride in the presence of high concentrations 
of bromiae. He observed no reaction of this nature between bromine and 
carbon tetrachloride in the gas phase. 

libby and DeVault (L52) observed reaction eflBlciencies ranging from 0 
to 90 per cent (as measured by the amount of the IS-roin. activity found 
in the reaction products) for a number of reactions activated by the Br®® 
isomeric transition. Decomposition reactions and reactions with solvents 
were studied. The experiments included observations on gaseous ethyl 
bromide, bromofonn, and ethylene dibromide as well as ethyl bromide, 
bromoform, phenyl bromide, dibromopentane, and tertiary butyl bromide 
in various solvents. They suggest that their observed maximum reaction 
efficiency of 90 per cent corresponds to the internal-conversion coefficient 
for the Br®® isomeric transition. Imre (12) has effected a separation of the 
Br®® isomers by means of an exchange experiment between bromide ions 
and solid silver chloride. Suess (S47) used the transition to activate the 
reaction between gaseous hydrobromic acid and acetylene. 

As has already been mentioned, isomeric transitions in tellurium and 
selenium have been used to effect the reduction of tellurate to tellurite 
(S15) and selenate to selenite (L30). Seaborg, Priedlaender, and Ken- 
nedy (S32) found that the reduction of tellurate to tellurite proceeds 
with almost 100 per cent efficiency even when the solution is kept frozen 
at the temperature of liquid air. The decomposition of gaseous tellurium 
diethyl has also been observed (S32). 

Behaoior of material at extremely smaU conceniraUans 

The use of radioactive isotope in the absence of carrier material offers a 
unique method for the study of the behavior of substances at extremely 
small concentrations. Extensive applications of the natural radioelements 
to such problems have been described in the books of Hahn (H39), Paneth 
(P12), and Hev^ and Paneth (H50). 

An indication of the type of experiments which can be performed has 
already been given in section II, where a description was given of the 
methods used for the isolation of radioactive tran^utation products in 
the absence of carrier. Among the problems which can be investigated 
by this method there should be mentioned the measurement of the vapor 
pressure of non-volatile metals and other substances, the measurement of 
the absorptive power of solids for extremely small amounts of gases, the 
behavior of extremely small amounts of insoluble substances, electro- 
deposition and electrochemical deposition of extremely small amounts of 
material, the behavior of ^‘radiocolloids,” the behavior of fractionation 
processes at small concentrations, etc. 
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Grahame and Seaborg (Gll) used radioactive Ga®"^, Ga®®, Co®®, Mn®®, 
and Fe®® in order to measure at extremely small concentrations the distribu- 
tion of the chlorides of these elements between ether and 6 N hydrochloric 
acid. They found distribution ratios identical with those at higher 
concentrations for all except ferric chloride. 

Langsdorf and Segrfe (L30) have used radioactive Br®® and Kr®® to study 
^^emanation methods.^^ By a technique which involved the introduction 
of the radioactive halogen into a silver-nitrate-impregnated silica gel 
they effected a very eflicient emanation of the radioactive rare-gas decay 
product from the halogen. Hahn (H48) has discussed the diffusion rates 
out of uranium and thorium precipitates of the rare-gas radioactive 
fission products, xenon and krypton. Hahn and coworkers had previ- 
ously applied this “emanation method,’^ with the aid of the naturally 
radioactive rare gases radon and thoron, to a long series of investigations 
of the structure and the change of structure of solid substances (H39, Zl). 
Hahn (H48) points out that a comparison of the diffusion rates of laypton, 
xenon, and radon out of uranium and thorium precipitates should give the 
atomic weight dependence of the diffusion constants. A theoretical 
discussion of the emanation method and the information to be obtained 
from it is given by Fliigge and Zimens (F15). 

Seaborg, Kennedy, and Wahl (S33) used radioactive H® to study the 
thermal diffusion process in hydrogen at small concentrations. They 
showed that the isotope separation arrangement of Clusius and Dickel 
(C34) gives, at mole fractions as low as 10”“, separation factors which are 
essentially the same as those obtained at much higher concentrations. 
Beams (B36) is also using radioactive H® in an investigation of the sepa- 
ration of isotopes by means of the ultracentrifuge. 

An obvious application of the artificial radioelements will be to the 
problems of “radiocolloids” and colloid chemistry, which have been so 
extensively investigated with the natural radioelements (C36, C37)- 
This has been the subject of a detailed treatment by Hahn (H39). 

Another use of the artificial radioelements should be as indicators in the 
preparation of new compounds in a manner similar to Paneth's (P16) 
use of The (an isotope of bismuth) to demonstrate the existence of bismuth 
hydride. 


5. Analytical ckendstry 

The artificial radioelements can be used as an aid in analytical chemistry 
in many ways: — to provide a method of analysis for the presence erf certain 
elements, as a means of studying the completeness of diemical separatiems, 
as a means of studying coprecipitation problems, etc. 

The presence of certain elements in a sample which is to be analyst can 
often be established, with or without the help of a chemical separation. 
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by means of their characteristic half-lives, after the substance has been 
activated in some manner. The analysis can often be made without 
destroying or even changing the form of the sample. A quantitative 
estimate of the amount of the element can be made in those cases where 
the yield of the reaction involving the formation of the radioactivity has 
been previously determined. Hevesy and Levi have applied this method 
of analysis to the rare-earth elements, where it is especially useful because 
of the extreme difficulty of application of ordinary analytical methods. 
In one experiment (H20) they found the 2.5-hr. dysprosium period in a 
sample of yttrium, after activation with neutrons, which showed the 
presence of dysprosium impurity to the extent of 1 per cent. Neutron 
activations of gadolinium samples (H19) were used as tests for small 
amounts of europium impurities by means of the 9.2-hr. europium period. 
Seaborg and Livingood (S38) bombarded a sample of iron with deuterons 
in order to establish, by means of the 20-min. Ga^° and 14-hr. Ga^^ radio- 
activities, the presence of gallium impurity to the extent of 6 parts per 
million. They used this same method to demonstrate the presence of 
small amounts of copper in nickel, and of iron in cobalt, as well as of phos- 
phorus and sulfur in various substances. King and Henderson (K9) 
were able to detect less than 1 part in 10,000 of copper in silver by bom- 
barding the silver with alpha-particles. However, it must be pointed 
out that extreme care must be exercised in the application of these sensitive 
methods to analysis. This is especially true when a sample is bombarded 
with deuterons, protons, or alpha-particles, because of the danger that 
there might be introduced into the sample small amounts of impurities, 
from recoil atoms and volatilization, in the target chamber. Even when 
samples are bombarded throu^ a' window with the target outside of the 
acceleration apparatus, care must be taken to prevent the introduction of 
extremely small amounts of impurities during the preparation of the target. 

Application of the radioactive method to the analytical problems of 
organic chemistiy also shows some promise. Brejneva, Eo^nsky, and 
Schilinsky (B34) have pointed out that measurements on the rate of 
exchange with aluminum bromide should help one to trace the position 
of the bromine in the compound during the synthesis of complicated organic 
bromides. The aluminum bromide undergoes only a slow rate of exchange 
with bromine which is attached ffirectly to the benzene or naphthalene 
rings, but exchanges quickly with aliphatic bromides and benzyl bromide. 

Eelative intensity measurements of induced radioactivity can be used 
for isotopic analysis of separated isotopes (K18). 

The efficiency of separation processes in analytical chemistry can be 
tested with the help of radioactive indicators. This is a very convenient 
method, because the amount of a given element which remains in any 
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fraction after a chemical separation can be quickly determined by means 
of its radioactivity. For example, Erbacher and Phibpp (E9) used 
radioactive Au^*® to study the completeness with which gold can be sepa- 
rated from platinum and iridium by a gravimetric procedure in which the 
elements are weighed after reduction to the metallic state. Saunders 
(S43) has used radioactive Te“^ and Te^®® to study, over a wide range of 
conditions, the amount of tellurium which is carried down with antimony 
when the antimony is precipitated as an oxide from a solution of boiling, 
concentrated nitric acid. Radioactive indicators have been used time after 
time in the chemical work connected with the Radiation Laboratory at 
Berkeley for the purpose of making ijuick, convenient, and effective tests 
of the efBciency of separation procedures in analytical chemistry. 

Similarly it is possible to determine the solubility of very slightly soluble 
substances; for example, Ferla (F14) used radiophosphorus to study the 
completeness of precipitation of ammonium phosphomolybdate. Radio- 
active cobalt was used by Cacciapuoti and Ferla (C40) to measure the 
solubility in water of cobaltic hydroxide (5.6 X 10"® mg. per liter). 

Kolthoff and Yutzy (K19) have applied radioactive Cl®* to a measure- 
ment of the specific surface of a silver chloride precipitate by treating the 
solid with a solution of radioactive chloride ions and measuring the rate of 
exchange as a function of time, Kolthoff and O’Brien (K20, K21) and 
Polessitsky (P17, PIS) have used the 44-hr. Br®° to study the surface and 
also the aging of silver bromide precipitates by means of exchange ex- 
,peiiments. 


6. Chemiad properties of rare de/menis 

The fact that extremdy small amounts of radioelements can be detected 
by the radioactive methods makes it possible to use radioactive transmuta- 
tion products to study tiie properties of elem^ts which do not exist in 
nature or are so very rare that they have not yet berai isolated. It must 
be emphaazed that experiments of this type are performed with very 
small, tmweighable amounts (approximately 10"“ g.) of the element, usu- 
ally in the presence of foreign carrier material, and therefore the interpreta- 
tion of the results, especially for precipitation processes, may sranetimes 
be uncertain. 

Perrier and Segr& (P15) were able to show that the deuteron bombsud- 
ment of molybdenum produces radioactive isotopes of dement 43, and tiffiy 
u^ these to study the hitherto unknown chemical property <A this 
element. Thar experiments showed that tiie chemical prof^rtiee resem- 
bled those the heavier homolc^, rhenium, to a nmch ^eeskxx extent than 
they resembled tiiose manganese, the l^ter horaolcig. Th^ used 
rh eniiiTTi as a carrier for the radioactivity in ordm to tiiow that elemmt 4B 
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is precipitated by hydrogen sulfide from alkaline or acid (less than 10 N) 
solution. They investigated other properties, including the volatility of 
the oxide and chloride and the conditions for the electroljiic deposition of 
the metal. They worked out analytical procedures for the isolation of 
element 43 and specifically for its isolation from rhenium. Segr% (S36) 
has written a review of the known properties of the radioactive isotopes 
of element 43. 

The recent discovery of radioactive element 86, from bismuth plus 32- 
Mev. alphar-particles, by Corson, MacKenzie, and Segrd (C23) makes pos- 
able an invest^ation of its properties. Segrfe, MacKenzie, and Corson 
(S30, C46) have carried out an investigation of its chemical properties. The 
general behavior is that of a metal, with little resanblance to the other 
halogms. It is precipitated by hydrogen sulfide N hydrochloric acid 
solution with various carriers, and the sulfide is insoluble in ammonitrm 
sulfide. It is precipitated by stannous chloride in acid solution but not by 
sodium stannite in alkaline solution. Volatility at comparatively low 
temperatures is observed; a piece of bombarded bismuth loses most of the 
activity before melting (276‘’C.). There is no precipitation upon the addi- 
tion of silver nitrate to a dilute nitric acid solution using iodide as carrier. 
Element 85 can be extracted with carbon tetrachloride with iodine carrier 
but with yields small compared with iodine under similar conditions. 
Worth mentioning here is the interesting observation of Hamilton and 
Soley (H44) that element 85 concentrates in the th 3 n:oid gland to an ex- 
tent which has heretofore been peculiar only to iodine. 

The decay scheme of element 85, which has a half-life of 7.5 hr. and 
probably has the mass number 211, is very interesting. The radioactive 
85*“ undergoes a branching decay, going to a bismuth isotope (Bi*®'') by 
alpha-mission and to a polonium isotope (Po*“) by K-electron capture. 
The Po^ is the well-known naturally radioactive AcC' and decays to 
stable PW®^ by alpha-particle emission with a half-life of 5 X 10“® sec. 
"nie Bi*®’' probably also decays to Pb*®^ since Bi*®^ does not exist in nature 
as a stable isotope, but as yet no radioactivity corresponding to this decay 
has been found. 

The rmarkable discovery by McMUlan and Abelson (M28) that a 
2.3-day activity, formed by the bombardment of ur anium with neutrons, 
is an isotope of element 93 makes posmble an actual investigation of the 
chemical properties of element 93. The properties of element 93 have 
been the source of much speculation for a long time. The 2.3-day activity 
was ori^nally discovered by McMillan (M19), who found that this radio- 
active isotope is not formd among the highly energetic recoil products 
which axe formed when uranium undergoes neutron-induced fission. 
McMillan and Abelsrai have shown that this 2.3-day activity is the 
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dau^ter of the 23-iaui. TP®, which is formed from IP** by the capture of 
slow neutrons, and hence must be assigned to the isotope 93**®. The 
radioactive 93**® decays by beta-particle emission to the isotope 94***, 
and although it is probable that the isotope 94**® is radioactive, perhaps 
decaying by the emission of alpha-particles to the naturally radioactive 
U**® (actinouranium), McMillan and Abelson have shown that the half- 
life for alpha-decay of 94**® must exceed one million years. 

A striking confirmation of the assignment of the 2.3-day activity to 
element 93 has been obtained in the pineal measurements of Helmholz 
(H25). He placed a sample of the 2.3-day activity in an electron magnetic 
spectrograph and foimd electron lines corresponding to the internal con- 
version of gamma-rays in the K- and L-electron Ehells. Presumably these 
gammarrays are emitted immediately following the beta-emission and 
hence the internal conversion occurs in element 94. Helmholz found that 
his measurements gave an energy difference of about 98 kilovolts between 
the K- and L-shells, which is very close to the difference mqpected for 
element 94. The corresponding difference between the K- and Irelectron 
binding energy amounts to about 96 kilovolts in element 93 and about 94 
kilovolts in uranium. 

McMillan and Abelson have used this 2.3-day activity to investigate 
the chenucal properties of element 93. Ihey found that the chemical 
behavior of element 93 is much more similar to uranium than to its homo- 
log, rhenium. For example, dement 93 precipitates with sodium uranyl 
acetate, the reaction which is so characteristic of uranium. Likewise 
it precipitates with uranium in alkaline solution and redissolv® upon the 
addition of ammonium carbonate, another reaction which is chm^cteristic 
of uranium. Element 93 is not predpitated by hydrogen sulfide in dilute 
acid solution. It precipitates with the rare-earth elements, probably in 
the -h4 oxidation state, upon the addition of fiuoride or oxalate, and is 
chemically to the rare-earth elements in many other precipitation 

processes. The element also predpitates with insoluble iodates, a precipi- 
tation process which is characteristic of the +4 oxidation state of cerium 
and thorium. Chemical separation from the rare eartbus is effected by 
taking advantage of a higher oxidation state; for example, in the presence 
of bromate ions rare-earth predpitates do not cany the activity. 

These chemical invest^iions with elemmt 85 and dem^t 93 have 
demonstrated that the chemical behavior of th^ danents differs rather 
markedly from that of thdr near^t homologs, iodine and rhenium. 

Eadioactive H*, althou^ not a new element as is the ease tor the other 
eluents discussed in this section, will differ enou^ frornhydrc^di (H) 
and deuterium (D) in its chemical and physical properties to make an 
investigation of some of its properties worth sdiile. Many investigations 
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which have been based on differences in properties between hydrogen and 
deuterium can be extended to radioactive so as to obtain additional 
useful infomiation. Such investigations include measurements of equi- 
librium constants of reactions and especially exchange reactions, reaction 
rate measurements which emphasize differences in the kinetic behavior of 
the three isotopes, determinations of the separation factors and efficiencies 
of isotope fractionation processes, study of diffusion and adsorption proces- 
ses, etc. Some of these experiments would 3 deld, for example, information 
on the zero point energy of the molecules and DT. (T is used here 
to represent radioactive H®, triterium.) Of course the extent of such 
mv^tigations would be limited, because is available only in very small, 
unweighable amounts. A detailed discussion of the investigations involv- 
mg hydrogen and deuterium is given in the book written by Farkas (F16). 

7. Self-diffusion processes 

The radioactive indicator method has made it possible to measure the 
rate of diffusion of a substance into itself, that is, to measure the rate of 
“self-diffusion.’^ For example, the radioactive lead isotopes (ThB and 
BaD) have been used to investigate the rate of self-diffusion in lead, both 
liqxiid and solid (H54, H55, G19). The discovery of artificial radio- 
activity extended the possibility for the application of this method to a 
lai^e number of elements. 

Sagnibskij (S39) and McKay (M27) have measured the rates of self- 
diffusion in gold at elevated temperatures. They activated gold with 
neutrons to form the radioactive gold (Au^®®) of 2.7 days half-life and then 
measured the rate of diffxision of this radioactive gold through samples of 
ordinary inactive gold. As an example of the results obtained, McKay 
found the diffusion coefficient at 941°C. to be 9.7 X 10"® mm.® per minute. 
McKay found an activation energy of 61 kg-cal. per mole for this self- 
diffusion process. 

Rollin (R27) and Steigman, Shockley, and Nix (S37) have used the 
radioactive copper (Cu®*) of 12.8 hr. half-life to measure the rate of self- 
diffuaon in copper. Rollin, who activated the copper by direct bombard- 
ment with 8-Mev. deuterons, found that the diffusion coefficient at 940'^G. 
is a few times smaller than that found by McKay at the same temperature 
for self-diffusion in gold. The results of Rollin show that the coefficient 
of self-diffusion in copper is smaller than might be predicted from the 
known rates of diffusion of several other elements in copper. His results 
gave an activation energy of 60 k^-cal. per mole for the self-diffusion 
process. Steigman, Shockley, and Nix electroplated the mdiocopper, 
whidi was prepared by neutron bombardment of zinc, upon disks of in- 
active copper. They fmmd an activation energy of 67.2 kg-cal. per mole 
and diffusion rates similar to those found by Rollin. 
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Banks and Day (B40) have measured the rate of self-diffusion in single 
crystals of metallic zinc. A thin deposit of radioactive Zn®®, obtained 
from copper by proton bombardment, was electrolytically deposited on a 
flat, polished, and etched surface of a single crystal of ordinary inactive 
zinc. They obtained, for example, a value at 400®C. of 5.17 X 10“® 
mm.^ per minute for the diffusion coefficient parallel to the hexagonal axis. 
The value for the activation energy obtained by them is 17.6 kg-cal. per 
mole, a value which is much smaller than those found for the self-diffusion 
in gold and copper. Miller and Day (M26) measured the rates of self- 
diffusion in several samples of polycr 3 rstalline zinc. Their values for the 
diffusion coefficients, which were close to those found by Banks and Day, 
varied as much as 25 per cent among the various samples. 

Jehle (J3) employed radioactive Na®^ and CP® in measuremmts of the 
rate of self-diffusion of sodium and chloride ions in aqueous solution over a 
wide range of concentrations. His results at low concentrations are con- 
sistent with the known data on the diffusion coefficients of sodium chloride. 
Katzin (K13) is using radioactive Na®^, and Br®® to measure the rate 
of diffusion of sodium, potassium, and bromide ions through various 
membranes in the absence of concentration gradients. 

8. Experiments with radioactive carbon 

This section will describe the experiments which have been done with 
radiocarbon. Because of the special importance of carbon in chemistry, 
it seems desirable to discuss these experiments, in spite of the fact that 
most of them have been of a biochemical nature and this review has not 
included a discussion of the applications of artificial radioactivity to 
biochemistry. The experiments have been done with the 21-min. 
usually made by the deuteron bombardment of boron. The short half-life 
is an inconvenience, but the production of very intense activities by means 
of the cyclotron has made it possible to carry out experiments lasting as 
long as 5 hr. The production of the long-lived of Ruben and Kamen 
(R17) will make it possible to perform e^qperiments whose duration is not 
limited by the decay of the sample. However, radioactive O®, which seems 
to be best prepared by the deuteron bombardment of the separated (or 
enriched) isotope C^®, has such a very long half-life that exceedingly long 
and intense bombardments are needed in order to obtain a radioactivity 
of sufficient intensity for useful work. 

Ruben, Eamen, and Hassid (R33, R28) have been using radioactive 
C^ in a study of photosynthesis. Radioactive carixm dioxkie was fed 
to the unicellar green algae CMorella and also to higher {daats under various 
controlled conditions in the light as well as in the dark. The results 
obtained so far have been rather surprimig. The plants and the a%ae 
reduce carbon dioxide in the dark. The dark reduction of carbon dioxide 
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is very likely the first step in photosynthesis and can be represented by the 
equation RH +■ CO 2 ^ RCOOH. Decarboxylation experiments have 
shown that the bulk of the radioactive carbon is in the carboxyl group. 
Attempts to identify the radioactive substances formed in the dark and 
in the light have been thus far unsuccessful. It is of considerable interest 
to note that formaldehyde, which has played a prominent r&le in many 
proposed mechanisms, was not formed from the radioactive carbon dioxide 
introduced. Experiments with the ultracentrifuge and diffusion methods 
indicate the average molecular weight of the radioactive molecules to be 

1000, which explains the failure to identify chemically these molecules 
with any small molecules. 

Smith and Cowie (S41) have also studied the photos 3 nithesis mechanism. 
They observed the reduction of carbon dioxide in the dark, confirming the 
results of Ruben, Kamen, and Hassid. They also used radioactive 
carbon dioxide to diow that carbon dioxide reacts with the calcium car- 
bonate, magnesium carbonate, etc. present in plants to form HCOs" 

Barker, Ruben, and Kamen (B43) have used radioactive carbon dioxide 
in a study of the methane bacteria. In the presence of various alcohols, 
acids, etc. these bacteria produce methane. The radiocarbon experiments 
have clearly shown that the methane arises from a complete reduction of 
carbon dioxide and not from a reduction of the organic substrate. 

Similarly it was found by Carson and Ruben (CSS) that carbon dioxide 
is reduced exclusively to two acids, propionic and succinic, by the propionic 
acid bacteria. They suggest that these results may be of general interest 
in connection with a major problem encountered in tracer experiments 
with labelled carbon, — namely, the synthesis of radioactive molecules 
starting with radioactive carbon dioxide. In many instances the appro- 
priate microorganisms may offer the best method for the desired synthesis. 
For example, the propionic acid bacteria converted in 30 min, over 80 
per cent of the radioactive carbon dioxide into propionic and succioic acids, 
which were thus made readily available with a very high specific activity 
for further tracer experiments. 

Ruben and Kamen (R29) have found that a number of heterotrophic 
systems, previously thought only to produce carbon dioxide in their 
oxidation reactions, reduce carbon dioxide. In the case of yeast, for 
example, one carbon dioxide molecule is reduced for every fifty carbon 
dioxide molecules liberated in respiration. It would seem that carbon 
dioxide reduction is more widespread in living systems than has been 
hitherto suspected. This is of considerable interest, since it has been 
recently established that many microdrganisms require small traces of 
carbon dioxide. 

Mention should be made in this section of the experiments of Ruben, 
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Hassid, and Kamen (ES4), who have used radioactive to show that 
barley plants fix small amounts of gaseous nitrogen, thus confirming the 
ideas of Lipman and Taylor (L49). 

Hastings, Kistiakowsky, Cramer, Elemperer, Solomon, and Vennesland 
(H47) have made studies with lactic acid containing radioactive in the 
carboxyl group. The purpose of the experiments, performed with rats, 
was to determine whether the increase of liver glycogen is or is not accom- 
panied by radioactivity proportional to the amount of lactate converted 
to glycogen. The radioactivity of the glycogen, corresponding in weight 
to 33 per cent of the administered lactate, was only from < 1 to 3.6 per 
cent of that of the administered radioactive material. During the same 
time, the expired carbon dioxide contained more than 10 per cent of the 
radioactive carbon administered as lactate. They conclude that these 
results suggest either (1) that the lactate molecule may undergo a st^e 
of decarboxylation before conversion to glycogen or (B) that the increase in 
liver glycogen may have arisen in these experiments from some precursor 
other than the radioactive lactate. 

REFEBENCESi* 

(Al) Amalm, D*Agostino, Fermi, Pontecorvo, Rasbtti, and SegrIs: Proc. Roy. 
Soc. (London) A149, 522 (1935). 

(A2) Amchanian, Auchanow, and Dzblbpow: Physik. Z. Sowjetunion 10, 78 
(1936). 

(A3) Andersen: Z. physik. Chem. B32, 237 (1936). 

(A4) Alvarez: Phys. Rev. 54, 486 (1938). 

(A5) Aten, Jr., Barker, and Hetn: Nature 143, 679 (1939). 

(A6) Abblson: Phys. Rev. 56, 1 (1939). 

(A7) Alvarez and Cornog: Phys. Rev. 56, 613 (1939) and private communication. 
(A8) Alexeeva: Compt. rend. acad. sci. ^.R.S.S.) 18, 553 (1938). 

(A9) Anderson: Nature 137, 457 (1936). 

(AlO) Amaki and Sugimoto: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 
No. 853, p. 1650 (1938). 

(All) Alvarez; Private communication. 

(A12) Alvarez, Helmholz, and Nelson: Phys. Rev. 57, 660 (1940). 

(A13) Amaldi and Fermi: Phys. Rev. 50, 899 (1936). 

(A14) Amaki, Iimori, and Sugimoto: Phys. Rev. 57, 751 (1940). 

(A15) Allen: Phys. Rev. 55, 966 (1939). 

(A16) Alvarez and Cornog: Phys. Rev. 58, 197 (1940). 

(Bl) Bjerge and BrostrOm: Rgl. Danske Videnskab. Selskab, Math.-fys. Medd. 
16, No. 8 (1938). 

The references are numbered according to a system adopted in a previous article 
(“Table of Induced Radioactivities” in Rmem of Modem Physics 12, 30 (1940)). 
This is deemed to be more satisfactory because the field covered by this article is 
under rapid development and other articles using the same references will probably 
appear at future dates. 




274 


GLENN T. SBABORG 


(B2) BjimGE Am> Bbostr5m: Nature 1S8, 400 (1936). 

(B3) Bjebge: Nature 138, 400 (1936). 

(B4) Batlet and Crane: Phys. Rev. 62, 604 (1937). 

(B5) Beths, Hoyle, and Peibrls: Nature 143, 200 (1939). 

(B6) Bjebge: Nature 139, 757 (1937). 

(B7) Bothb and Gentnbb: Naturwissenschaften 25, 90 (1937). 

(B8) Barnes, DuBridge, Wna, Buck, and Strain: Phys. Rev. 61, 775 (1937). 

(B9) Burcham, Goldhabbr, and Hill: Nature 141, 510 (1938). 

(BIO) Brown and Mitchell: Phys. Rev. 60, 593 (1936). 

(Bll) Bothb and Gentneb: Naturwissenschaften 26, 191 (1937). 

(B12) Barnes aihd Valley: Phys. Rev. 63, 946 (1938). 

(B13) Buck: Phys. Rev. 64, 1025 (1938). 

(B14) Bothb and Gentnbb: Naturwissenschaften 31, 517 (1938). 

(B15) Bbetscheb and Cook: Nature 143, 560 (1939). 

(B16) Bothb and Gentneb: Naturwissenschaften 26, 126 (1937). 

<W) Barnes: Phys! Rev. 66, 414 (1939). 

(B18) Barnes and Aradinb: Phys. Rev. 66, 50 (1939). 

(B19) Bacon, Gbisbwood, and van der Mbrwe: Phys. Rev. 64, 315 (1938). 

(B20) Both® and Gentnbb: Z. Physik 112, 45 (1939). 

(B21) Brandt: Z. Physik 108, 726 (1938). 

(B^) Becker and Gaerttnbb: Phys, Rev. 66, 854 (1939). 

(B23) Barkas: Phys. Rev. 66, 287 (1939). 

(B24) Babrbsi and Cacciapuoti: l^cerca sci. 10, 464 (1939). 

(B25) Bethe and Henderson, W. J.: Phys. Rev. 66, 1060 (1939). 

(B26) Bacon, Gbisewood, and van der Mbrwe; Phys. Rev. 66, 1168 (1939). 

(B27) Barkas, Cbeutz, Dblsasso, Fox, and White: Phys. Rev. 67,562 (1940). 
(B28) Bothb and Gentneb: Naturwbsenschaften 26, 284 (1937). 

(B29) Babnbs: Rev. Sci. Instruments 10, 1 (1939). 

(B30) Barth; Rev. Sci. Instruments 6, 115 (1935). 

(B31) Bbubakee and Pollabd: Rev. &i. Instruments 8, 254 (1937). 

(B32) Bohr: Science 86, 161 (1937). 

(B33) Bohr Aim Kalckar: Kgl. Danske Videnskab. Selskab, Math.>fys. Medd. 14, 
No. 10 (1937). 

<B34) Brbjneva, Roginsky, and Schilinsky: Acta Physicochim. U.R.S.S. 6, 549 
(1936). 

{B35) Brbjneva, Roginsky, and Schilinsky; J. Phys, Chem. (XJ.S.S.R.) 8, 849 
(1936). 

(B36) Beams: Private communication to Alvarez. 

(B37) Bethe and Bacsher: Rev. Modem Phys. 8, 194 (1936). 

{B38) Bothb and Becker: Z. Physik 76, 421 (1932). 

(B39} Bebnardini: Ricerca sci. 8, 33 (1937). 

(B40) Banks and Day; Phys, Rev. 67, 1067 (1940). 

(B41) Barkas, Cbeutz, Belsasso, and Sutton: Phys. Rev. 67, 1087 (1940). 

(B42) Beams and Skarstrom: Phys. Rev. 66, 266 (1939). 

(B43) Barker, Ruben, and Kamen: Proc, Natl. Acad. Sci. U. S. 26, 426 (1940). 
(B44) Brbjneva, Roginsky, and Schilinsky: Acta Physicochim. XT.R.S.S. 7, 201 
(1937). 

{B45} Brbjneva, Roginsky, and Schilinsky; Acta Physicochim. IJ.R.S,S. 6, 473 
(1937). 

(B46) Brbjneva, Roginsky, and Schilinsky: Acta Physicochim. U.R,S.S. 6, 744 
(1937). 



ABTIFICIAL BADIOACTIVITY 


275 


(B47) Bale, Haven, and Le Fevbe: Rev. Sci. Instnimeats 10, 193 (1939). 

(B48) Barkas, Crbiitz, Dblsasso, Sxttton, and White: Phys. Rev. 58, 194 (1940). 

(Cl) Crane, Dblsasso, Fowler, and Lauritsen: Phys. Rev. 47, 971 (1935). 

(C2) Crane, Dblsasso, Fowler, and Lauritsen: Phys. Rev. 47, 887 (1935). 

(C3) Crane and Lauritsen: Phys. Rev. 46, 497 (1934). 

(C4) Cockcroft, Gilbert, and Walton: Proc. Roy. Soe. (London) A148, 225 
(1935). 

(C5) Chang, Goldhaber, and Sagans: Nature 139, 962 (1937). 

(C6) Cork, Richardson, and Kurib; Phys. Rev. 49, 208 (1936). 

(C7) Curie and Joliot: Compt. rend. 198, 254 (1934). 

(C8) Cacciapuoti: Nuovo cimento 15, 213 (1938). 

(C9) Chichoki and Soltan: Compt. rend. 207, 423 (1938). 

(CIO) Collins, Waldman, and Stubblefield: Phys. Rev. 55, 507 (1939). 

(Cll) Curtis and Cork: Phys, Rev. 53, 681 (1938). 

(C12) Cacciapuoti: Phys. Rev. 56, 110 (1939). 

(C13) Crittenden, Jr.: Phys. Rev. 56, 709 (1939). 

CC14) Cork and Lawson: Phys. Rev. 56, 291 (1939). 

(C15) Curtis and Richardson: Phys. Rev. 53, 942 (1938). 

(C16) Curie and Savitch: Compt. rend. 208, ^3 (1939). 

(C17) Curie and Preiswerk: Compt. rend. 203, 787 (1936). 

(C18) Cork and Thornton: Phys. Rev. 61, 69 (1937). 

(C19) Cork and Lawrence: Phys. Rev. 49, 788 (1936). 

(C20) Curtis: Phys. Rev. 66, 1136 (1939). 

(C21) Cork and Thornton: Phys. Rev. 63, 866 (1938). 

(C22) Curie and Joliot: J. phys. radium 5, 163 (1934). 

(C23) Corson, Mackenzie, and Segr^s: Phys. Rev. 67, 459, 1087 (1940). 

(C24) CAcaAPUOTi and SbgrIj: Phys. Rev. 62, 1252 (1937). 

(C25) Cooley, Yost, and McMillan: J. Am. Chem. Soc, 61, 2970 (1939). 

(C26) Cork, Kalpern, and Tatbl: Phys. Rev. 67, 371 (1940). 

(C27) Creutz, Fox, and Sutton: Phys. Rev. 57, 567 (1940). 

(C28) Curran, Deb, and Strothers: Proc. Roy. Soo. (London) A174, 546 (1940). 
(C29) Curran and Strothers: Proc. Roy. Soc. (London) A172, 72 (1939). 

(C30) Curie and Joliot: Nature 133, ^1 (1934). 

(C31) Cockcroft, Gilbert, and Walton: Nature 133, 328 (1934). 

(C32) Crane and Lauritsen: Phys. Rev. 45, 430 (1934). 

(C33) Curie and Savitch: Compt. rend. 206, 1643 (1938). 

(C34) Clusius and Dickel: Z. physik. Chem. B44, 397 (1939). 

(C35) Carson and Ruben: Proc. Natl. Acad. Sci. U. S. 26, 422 (19^). 

(C36) Chami^ and Guillot: Compt, rend. 190, 1187 (1930). 

(C37) CHAMifi: J. phys. radium 10, 44 (1929). 

(C38) Curie: Badioaciivith, Hermann et Cie., Paris (1935). 

(C39) Collins and Waldman: Phys. Rev. 57, 1088 (1940). 

(C4D) Cacciapuoti and Ferla: Atti accad. linoei, Classe sci. fis., mat, nat. 28, 
386 (1938), 

(C41) Creutz, Dblsasso, Sutton, White, and Barkas; Phys. Rev. 58* in press 
(1940). 

(C42) Creutz: Private communication. 

(C43) Cork and Halpern; Phys. Rev. 58, 201 (1940). 

(C44) Curtis and Richardson: Phys. Rev. 57, 1121 (1940). 



276 


GLENN T. SEABOEG 


(Dl) Dblsasso, rowiiBE, AND Latoitsen: Phys. Bjsv, 48, 848 (1935). 

(D2) DttBsidgb, Baenbs, Buck, and Strain: Phys. Eev. 63, 447 (1938). 

(D3) DuBkidgb, Babnes, Wiig, Buck, and Stbain: Phys. Rev. 63, 326 (1938). 
(D4) Dblsasso, Ridenoue, Shbee, and White: Phys. Rev. 65, 113 (1939). 

(D5) Daeling, Cuetis, and Coek: Ph 3 rs. Rev. 61, 1010 (1937). 

(D6) Dodson and Fowlbe: Phys. Rev. 66, 880 (1939). 

(D7) Db Vbibs and Veldkamp: Physica 6, 249 (1938). 

(D8) DoDh AND Pontecoevo: Compt. rend. 207, 287 (1938). 

(D9) DuBeidge ; Private communieation; includes work of entire Rochester group. 
(DIO) De Veies and Diembe: Physica 6, 599 (1939). 

(Dll) DuBeidge and Maeshall: Phys. Rev. 66, 706 (1939). 

(D12) DbVault and Libby: Phys. Rev. 66, 322 (1939). 

(D13) DuBeidge and Maeshall: Phys. Rev. 67, 348 (1940). 

(D14) Dickson, McDaniel, and Zonopinsei: Phys. Rev. 67, 351 (1940). 

(D16) Dibbnbe and Geassmaigt: Physik. Z. 37, 359 (1936); 38, 406 (1937); 39, 469 
(1938); 40, 297 (1939); 41, 157 (1940). 

(D16) DuBeidge and Beown: Rev. Sci. Instruments 4, 532 (1933). 

(D17) Dunning: Rev. Sci. Instruments 6, 387 (1934). 

(D18) Dodson and Fowlee: J. Am. Chem. Soc. 61, 1215 (1939). 

(D19) D’Agostino: Gazz. chim. ital. 66, 1071 (1935). 

(D20) Dancofp and Moeeison: Phys. Rev. 56, 122 (1939). 

(D21) Dunning: Phys. Rev. 46, 586 (1934). 

(D22) Davidson, Jk.: Phys. Rev. 67, 1086 (1940). 

(D23) Dunvtoeth; Rev. Sci. Instruments 11, 167 (1940). 

(D24) Davidson, Je.: Private communication. 

(D25) DuBeidge and Marshall: Phys. Rev. 68, 7 (1940). 

(D26) Dblsasso, Sutton, White, Baekas, and Crbutz: Phys. Rev. 58, in press 
(1940). 

(El) Ellis andHendeeson: Nature 136, 429 (1935). 

(E2) Elms and Henderson: Proc. Roy. Soc. (London) A166, 358 (1936). 

(E3) Ewing, Pbeet, and McCebart: Phys, Rev. 56, 1136 (1936). 

(E4) Enns: Phys. Rev, 66, 1118 (1939). 

(E5) Ewing: Private communication from Barnes. 

(E6) Enns: Phys. Rev. 56, 872 (1939), 

(E7) Elmott and Sugden: J, Chem. Soc. 1939, 1836. 

(E8) Ebbachbe and Philipp: Ber. 69, 893 (1936); Z. physik. Chem. A176, 169 (1936), 
(E9) Eebachee and Philipp: Angew. Chem. 48, 409 (1935). 

(ElO) Ebbachbe: Z. physik. Chem. B42, 173 (1939). 

(Ell) Elms: Proc. Cambridge Phil. Soc. 22, 369 (1924). 

(E12) Ettlb and Johnson : J. Chem. Soc. 1939, 1490. 

(PI) Fowlee, Dblsasso, and Laueitsen: Phys. Rev. 49, 561 (1936). 

(F2) Feisch: Nature 133, 721 (1934), 

(F3) Pahlbnbrach: Z. Physik 96, 503 (1935). 

(F4) Feisch: Nature 136, 220 (1935). 

(F5) Fbathee and Dunwobth: Proc. Roy. Soc. (London) A168, 566 (1938). 

{F6) Fomin and Houteemans: Physik. Z, Sowjetunion 9, 273 (1936). 

(F7) Fajans and Stewaet: Phys. Rev. 66, 625 (1939). 

(F8) Fbiedlaendee: Private communication. 



ARTIFICIAL RALIOACTIVITT 


277 


(F9) FffiRm: Z. Physik 88, 161 (1934). 

(FIO) Friedmann, Solomon, and Werthessen: Nature 143, 472 (1939). 

(Fll) Fleischmann: Z. Physik 97, 242 (1935). 

(F12) Fairbrother: Nature 146, 307 (1939). 

(F13) Feather: Proc. Cambridge Phil. Soc. 34, 699 (1938), 

(F14) Fbrla: Ann. chim. applicata 28, 331 (1938). 

(F15) FlIIgge and Zimens: Z. physik. Chem. B42, 179 (1939). 

(F16) Farkas: Ortkohydrogen, Parahydrogen and Heavy Hydrogen. Cambridge 
University Press, London (1935). 

(Gl) Gbntnbr: Naturwissenschaften 28, 109 (1938). 

(G2) Gbntnbr and SegrIj: Phys. Rev. 66, 814 (1939). 

(G3) Gulden: Nature 138, 1095 (1936). 

(G4) Gaebttnbr, Turin, and Crane: Phys. Rev. 49, 793 (1936). 

(G5) Goldhaber, Hill, and Szilard: Phys. Rev. 66, 47 (1939); Nature 142, 521 
(1938). 

(G6) Grahams and Sbaborg: Phys. Rev. 64, 240 (1938). 

(G7) V. Grossb, Booth, and Dunning: Phys. Rev. 66, 382 (1939). 

(G8) Grahams and Walkb; Private communication. 

(G9) Glasob and Stbigman: Phys. Rev. 67, 566 (1940). 

(GIO) Grbgoirb: J. phys. radium 1938, 419. 

(Gll) Grahams and Sbaborg: J. Am. Chem. Soc. 60, 2524 (1938). 

(G12) Geiger: Physik. Z. 14, 1129 (1913), 

(Q13) Geiger and MOllbr: Physik, Z. 29, 839 (1928); 30, 489 (1929). 

(G14) Geiger and Kl&mperer: Z. Physik 49, 753 (1928). 

(G15) Govabrts: Nature 141, 871 (1938); J. chim. phys. 36, 130 (1939). 

(G16) GLiJcKAUP AND Fat: j. Chem. Soc. 1936, 390. 

(G17) Gbntnbr: Physik. Z. 38, 836 (1937). 

(G18) V, Grossb and Booth: Phys. Rev. 67, 664 (1940). 

(G19) Groh and Hbvbst: Ann. Physik 63, 85 (1920). 

(G20) Grinbbrg and Filinov: Compt. rend. acad. sci. U.R.S.S. 23, 912 (1939). 
(G21) Glasob and Stbigman; Phys, Rev. 68, 1 (1940). 

(HI) Hill: Phys. Rev. 66, 1117 (1939), 

(Et2) Hill and Valley: Phys. Rev. K, 678 (1939). 

(H3) BU.FSTAD AND Tuvb; Phys. Rev. 48, 306 (1935). 

(H4) Henderson: Phys. Rev. 48, 855 (1935). 

(H5) Hurst and Walkb: Phys. Rev. 61, 1033 (1937). 

{H6) Hbmmendinger: Phys. Rev, 66, 604 (1939). 

(H7) Hbtn: Physiea 4, 160 (1937). 

(H8) Hbyn; Physiea 4, 1224: (1937). 

(H9) Haeteck, Knauer, and Schaeffer: Z. Physik 109, 153 (1938). 

(HIO) Hbyn: Nature 139, 842 (1937). 

(Hll) Hbyn, Aten, Jr., and Barker: Nature 143, 516 (1939). 

(H12) Hahn and Strassmann: Naturwissenschaften 27, 163 (1939). 

(H13) Hevbby and Levi: Nature 136, 580 (1935). 

(H14) Hahn and Strassmann: Naturwissenschaften 27, 11 (1939). 

(H15) Hahn and Strassmann: Naturwissenschaften 27, 89 (1939). 

(H16) Hevesy and Levi: Nature 136, 103 (1935). 

(H17) Hevesy and Levi: Nature 137, 185 (1^). 



278 


GL£1NN T. SEABOBG 


(H18) Hahn, Meitner, aot Strassmann; Z. Physik 106, 249 (1937). 

(H19) Hevesy and Levi; Kgl. Danske Yidenskab. Selskab, Math.-fys. Medd. 16, 
No. 11 (1938). 

(H20) Hevesy and Levi: Kgl. Danske Yidenskab. Selskab, Math.-fys. Medd. 14, 
No. 5 (1936). 

(H21) Henderson and Doran: Phys. Eev. 66, 123 (1939). 

(H22) Hahn and Strassmann: Naturwissenschaften 27, 529 (1939). 

(H23) Hahn and Strassmann; Naturwissenschaften 27, 451 (1939). 

(H24) Hahn, Strassmann, and Flugge: Naturwissenschaften 27, 544 (1939). 

(H25) Helmholz: Private communication. 

{H26) Helmholz: Phys. Rev. 67, 248 (1940). 

(H27) Hurst, Latham, and Lewis: Proc. Roy. Soc. (London) A174, 126 (1940). 
(H28) Hahn and Strassmann: Naturwissenschaften 28, 54 (1940). 

(H29) Hahn and Strassmann: Naturwissenschaften 28, 61 (1940). 

(H30) Hill: Phys. Rev. 67, 567 (1940). 

(H31) Hoag: Phys. Rev. 67, 937 (1940). 

(H32) Henderson, Livingston, and Lawrence: Phys. Rev. 46, 428 (1934). 

(H33) Hapstad and Tuve: Phys. Rev. 46, 902 (1934). 

(H34) Haissinsky: Nature 136, 141 (1935). 

(H35) Hafstad: Phys. Rev. 44, 201 (1933). 

(H36) BLahn, FlOggb, and Mattatjch: Physik. Z. 41, 1 (1940). 

(H37) Hahn, Meitner, and Strassmann: Ber. 69, 913 (1936). 

(H38) VON Halban, Joliot, and Kowarski: Nature 143, 470 (1939). 

(H39) Hahn: Applied Radiockemisiry. Cornell University Press, Ithaca, New 
York (1936). 

(H40) Httll, Shiflett, and Lind: J. Am. Chem. Soc. 68, 535 (1936). 

{H41) Hull, Shiflett, and Lind: J. Am. Chem. Soc. 68, 1822 (1936). 

(H42) Hughes, Juliusbergbr, Mastbrmann, Toplby, and Weiss: J. Chem. Soc. 
1936, 1525. 

(H43) Hughes, Juliusbergbr, Scott, Toplby, and Weiss: J. Chem, Soc. 1936, 1173. 
(H44) Hamilton and Solby: Proc. Natl. Acad. Sci. U. S. 26, No, 8 (1940). 

(H45) Hebb and Uhlenbegk: Phyeica 6, 605 (1938). 

{H46) Huffmann and Urey: Ind. Eng. Chem. 29, 531 (1937), 

(H47) Hastings, Kistiaeowsey, Cramer, Klemperer, Solomon, and Yennes- 
land: Science 91, 421 (1940). 

(H48) Hahn: Ann. Physik 36, 368 (1939). 

(H49) Hevesy and Biltz: Z. physik, Chem. B3, 271 (1929). 

(H50) Hevesy and Paneth: A Manual of Radioactivity. Oxford Umversity Press, 
London (1938). 

(H61) Hancock and Butler: Phys. Rev. 67, 1088 (1940). 

(H52) Harrington: Phil. Mag. 6, 683 (1928). 

(H53) H^bun and Johnson: Phil. Mag. 24, 553 (1937). 

(H54) Hevesy and Obrutscheva: Nature 116, 674 (1925). 

{H55) Hevesy and Sbith: Z. Elektrochem. 37, 528 (1931). 

{H56) Hevesy and Zechmeister: Ber. 63, 410 (1920). 

(H57) Hahn and Strassmann: Physik, Z. 40, 673 (1939). 

{H58) Halford: J. Am. Chem. Soc. in press (1940). 

(II) Irvine, Jb.: Phys. Rev. 66, 1105 (1^9). 

( jSi ) Imre: Naturwissenschaften 28, 158 (1940). 



AETIFICIAL RAJDIOACnVITT 


279 


(Jl) Jflitjsbeegeb, Toplet, and Weiss: J. Chem. Phys. 3, 437 (1935). 

{J2) Jttliusberger, Toplet, and Weiss: J. Chem. Soc. 1935, 1295. 

(J3) Jehle : PhD. Thesis, University of California, 1938. 

(J4) Jaeckel: Z. Physik 110, 330 (1938). 

(El) Enol and Veldkame: Physica 3, 145 (1936). 

(K2) Kittbl: Phys. Rev. 66, 515 (1939). 

(K3) King, Henderson, and Rissbe: Phys. Rev. 66, 1118 (1939). 

(K4) Kueib, Richardson, and Paxton: Phys. Rev. 49, 368 (1936). 

(K5) Kubtchatow, Kurtchatow, Myssowskt, and Roussinow: Compt. rend. 
200, 1201 (1935). 

(K6) Kraus and Cork: Phys. Rev. 62, 763 (1937). 

(K7) Kurtchatow, Lattschew, Nbmenow, and Selinow: Physik. Z, Sowjetunion 
8, 589 (1935). 

(K8) Kuerti and Van Voorhis: Phys. Rev. 66, 614 (1939). 

(K9) King and Henderson: Phys. Rev. 66, 1169 (1939). 

(KIO) Kalbpbll: Phys. Rev. 64, 543 (1938), 

(Kll) Kennedy, Seaborg, and SEGRis: Phys. Rev. 66, 1095 (1939). 

(K12) Krishnan and Gant; Nature 144, 547 (1939). 

(K13) Katzin; Private communication. 

(K14) Konopinski and Uhlbnbeck: Phys. Rev. 48, 7 (1935) ; see also Kubib, Rich- 
ardson, AND Paxton: Phys. Rev. 49, 368 (1936). 

(K15) Kennedy, Ruben, and Seaborg: J. Am. Chem. Soc., to be published. 

(K16) Kikuchi, Husimi, and Aoki: Proc. Phys,-Math. Soc. Japan 18, 188 (1936). 
(K17) Kennedy: Private communication. 

(K18) Kennedy and Seaborg; Phys. Rev. 67, 843 (1940). 

(K19) Kolthopp and Yutzt; J. Am. Chem. Soc. 69, 1634 (1937), 

(K20) Kolthopp and O^Brien: J. Chem. Phys. 7, 401 (1939). 

(K21) Kolthopp and O’Brien ; J, Am. Chem. Soc, 61, ^9, 3414 (1939). 

(K22) Krishnan and Banes: Nature 146, 777 (1940), 

(K23) Krishnan and Gant: Nature 144, 547 (1939). 

(K24) KAitfBN AND Ruben: Phys, Rev. 58, 194 (1940). 

(LI) Lewis, Burcsram, and Chang: Nature 139, 24 (1937). 

(L2) Lyman: Phys, Rev. 66, 234 (1939). 

(L3) Laslbtt: Phys, Rev. 52, 529 (1937). 

(L4) Lawrence: Phys. Rev. 47, 17 (1935). 

(L5) Lyman: Phys. Rev. 51, 1 (1937). 

(L6) Libby and Lee: Phys. Rev. 66, 245 (1939). 

(L7) Livingood and Seaborg: Phys. Rev. 54, 391 (1938), 

(L8) Livingood, Seaborg, and Fairbrothbr: Phys. Rev. 62, 136 (1937). 

(L9) Livingood and Seaborg: Phys, Rev. 63, 847 (1938). 

(LIO) Livingood and Seaborg: Phys. Rev., to be published. 

(Lll) Livingood and Seaborg: Phys. Rev. 53, 765 (1938). 

{L12) Livingood and Seaborg: Phys, Rev. 66, 457 (1939). 

(L13) Livingood; Phys. Rev. 60, 425 (1936). 

(L14) Livingood and Seaborg: Phys. Rev. 64, 88 (1938). 

(L15) La^wson and Cork: Phys, Rev* 62, ^1 (1937). 

(L16) Lark-Horovitz, Rissbr, and Smith: Phys. Rev. 56, 878 (1939). 

(L17) Livingood and Seaborg: Phys. Rev. 66, 667 (1939), 



280 


GLENN T. SEABOEG 


(L18) Livingoob and Sbabokg: Phys. Rev. 66, 414 (1939). 

(L19) Livingoo3> and Sbaboeg: Phys. Rev. 64, 775 (1938). 

(L20) Livingoob ani> Seaborg: Phys. Rev. 64, 51 (1938). 

(L21) Lawson: Phys. Rev. 66, 131 (1939). 

(L22) Ltman: Phys. Rev. 65, 1123 (1939). 

(L23) LrviNGOOD and Seaborg: Phys. Rev. 65, 1268 (1939). 

(L24) Lawrence: Proc. Cambridge Phil. Soc. 36, 304 (1939). 

(L25) Livingston and Bethe; Rev. Modern Phys. 9, 256 (1937). 

(L26) Libber: IsTaturwissenschaften 27, 421 (1939). 

(L27) Langsdorp, Jr.: Phys. Rev. 66, 205 (1939). 

(L28) Livingood and Seaborg: Unpublished work. 

(L29) Langer, ^liTCHELL, AND McDanibl: Phys. Rev. 56, 422 (1939). 

(LSO) Langsdorp, Jr., and SEGRh: Phys. Rev. 67, 105 (1940). 

(L31) Livingston and Wright: Private communication. 

(L32) Lawson and Cork: Phys. Rev. 67, 356 (1940). 

(L33) Lawrence and Cooksey: Phys. Rev. 60, 1131 (1936). 

(L34) Livingston and Bethe: Rev. Modern Phys. 9, 359 (1937). 

(L35) Livingood and Seaborg: Rev. Modem Phys. 12, 30 (1940). 

(L36) LeRoxix, Lit, and Sugden: Nature 143, 517 (1939). 

(L37) Lawrence and Livingston: Phys. Rev. 46, 608 (1934). 

(L38) Lawrence, Alvarez, Brobeck, Cooksey, Corson, McMillan, Salisbury, 
AND Thornton: Phys. Rev. 66, 124 (1939). 

(L39) Long and Olson: J. Am. Chem. Soc. 68, 2214 (1936). 

{L40) Long: J. Am. Chem. Soc. 61, 570 (1939). 

(L41) LeRoux and Sugden: J. Chem. Soc. 1939, 1279. 

(L42) Lu AND Sugden: J, Chem. Soc. 1939, 1273. 

(L43) Libby: J. Am. Chem. Soe. 62, 1930 (1940). 

(L44) Lauritsen and Lauritsbn: Rev. Sci. Instruments 8, 438 (1937). 

(L45) Libbratore and Whg: J. Chem, Phys. 8, 165 (1940). 

(L46} Libbratore and Wiig: J. Chem. Phys. 8, 349 (1940). 

{L47) Libby: J. Chem. Phys. 8, 348 (1940). 

(L48) Lawson: Phys. Rev, 67, 1082 (1940). 

(L49) liiPMAN AND Taylor: J. Franklin I^t. 198, 475 (1924). 

(LSO) Libby: Phys. Rev. 46, 196 (1934). 

(LSI) Libby and Lee: Phys. Rev. 65, 245 (1939). 

(L52) Libby and DeVault: Phys, Rev. 68, in press (1940). 

{L53) Leighton and Mobtenson: J. Am. Chem. Soc. 68, 448 (1936). 

(L54) Lawson and Tyler: Rev. Sci. Instruments 11, 6 (1940). 

(L55) Libby: Private communication. 

(L66) LuKfes AND Preucil: Chem. Listy 33, 190 (1939). 

(L57) Lawson and Cork: Phys. Rev, 67, 982 (1940). 

(Ml) Maier-Leibnitz; Naturwissenschaften 26, 614 (1939). 

(M2) Meitner: Naturwissenschaften 22, 4^ (1934). 

(M3) McMillan and Livingston: Phsrs. Rev. 47, 452 (1935). 

(M4) Magnan: Compt. rend. 205, 1147 (1937). 

(MS) McMillan and Lawrence: Phys. Rev. 47, 343 (1935). 

(M6) Mitchell and Langer: Phys. Rev. 137 (1937). 

(M7) Mann: Phys. Rev. 62, 405 (1937). 

(MS) Mann: Phys. Rev. 64, 649 (1938). 

(M9) Mann: Phys. Rev. 53, 212 (1938). 



ABTmCIAL EA0IOACSTIVITY 


281 


(MIO) Mitchell: Phys. Rev. 61, 995 (1937). 

(Mil) Mitchell akd Langer: Phys. Rev. 63, 505 (1938). 

(M12) Mitchell: Phys. Rev. 63, 269 (1938). 

(M13) Marsh and Sttgden: Nature 136, 102 (1935). 

(M14) McLennan, Grimmet, and Read: Nature 136, 147 (1935). 

(M15) McMillan, Kambn, and Rtjbbn: Phys. Rev. 62, 375 (1937). 

(M16) McLennan, Grimmet, and Read: Nature 136, 505 (1935). 

(M17) Meitner, Strassmann, and Hahn: Z. Physik 109, 538 (1938). 

(M18) McLennan and Rann: Nature 136, 831 (1935). 

(M19) McMillan: Phys. Rev. 66, 510 (1939). 

(M20) Mitchell, Langer, and McDaniel: Phys. Rev. 67, 347 (1940). 

(M21) McCreary, Kxjbrti, and Van Voorhis: Phys. Rev. 67, 351 (1940). 

(M22) McMillan: Private communication. 

(M23) Meitner and Frisch: Nature 143, 239, 471 (1939). 

(M24) McKay: Nature 139, 283 (1937). 

(M25) Majer: Naturwissenschaften 26, 252 (1937). 

(M26) Miller, Jr., and Day: Phys. Rev. 67, 1067 (1940). 

(M27) McKay: Trans. Faraday Soc. 34, 845 (1938). 

(M28) McMillan and Abelson: Phys. Rev. 67, 1185 (1940). 

(M29) Mackenzie: Private communication. 

(M30) Maibr-Lbibnitz: Angew. Chem. 61, 545 (1938). 

(M31) Majer: Chem. Listy 33, 130 (1939). 

(M32) Meyer and Schweidlbr: Radioaktivit&t, 2nd edition. Teubner, Berlin 
(1927). 

(M33) Montgomery and Montgomery: J. FranMin Inst. 229, 585 (1940). 

(M34) McKay; Nature 142, 997 (1938). 

(M36) Mitchell, Langer, and McDaniel; Phys. Rev. 67, 1107 (1940). 

(M36) Minakawa: Phys. Rev. 67, 1189 (1940). 

(Nl) Nahmtas and Walen: Compt, rend. 203, 71 (1936). 

(N2) Nbwson: Phys. Rev, 48, 790 (1935). 

(N3) Nbwson: Phys. Rev. 61, 624 (1937). 

(N4) Naidtt and Siday: Proc. Phys, Soc. (London) 48, 332 (1936). 

(N5) Nishina, Yasaki, Kimuha, and Ikawa: Nature 142, 874 (1938). 

(N6) Nahmias and Sheep: J, phys. radium 1938, 140. 

(N7) Nbtjningbr and Rona: Anz. Akad. Wiss. Wien, Math.-naturw. Klasse 73, 
159 (1936). 

(N8) Nishina, Yasaki, Ezoe, Kimura, and Ikawa: Phys. Rev. 67, 1182 (1940). 

(01) Oldbnberg: Phys. Rev. 63, 35 (1938). 

(02) Oppbnhbimbr and Tomlinson: Phys. Rev. 66, 858 (1939). 

(03X Olson, Libby, Long, and Halpord: J. Am. Chem. Soc. 68, 1313 (1936). 

(04) Olson and Long: J. Am. Chem. Soc. 1294 (1934). 

(05) Olson, Halford, and Hornel: J. Am. Chem. Soc. 69, 1613 (1937). 

(06) O’Neal and Goldhaber: Phys, Rev. 67, 1086 (1940). 

(07) Oppenheimer and Phillips: Phys. Rev. 48, 500 (1935), 

(PI) Polbssitsky; Physik. Z. Sowjetunion 12, 339 (1937), 

(P2) Pool, Cork, and Thornton: Phys. Rev. 62, 239 (1937). 

(P3) Pool, Cork, and Thornton: Phys. Rev. 62, 41 (1937). 

(P4) Pbbribb, Santangblo, and SEGBk: Phys. Rev. 63, 104 (1938). 





GLENN T. SEABORG 


(P5) PoNTBCoavo: Phys. Rev. 64, 542 (1938). 

(P6) Pool: Phys. Rev. 63, 116 (1938). 

(P7) PoNTECOBVO AND Lazabd: Compt. rend. 298, 99 (1938). 

(PS) Pool and Cobk: Phys. Rev. 61, 1010 (1937). 

(P9) Pool and Qtfill: Phys. Rev. 63, 437 (1938). 

(PIO) Pbeiswerk and von Halban: Compt. rend. 201, 722 (1935). 

(Pll) Panbth and Pat: Nature 136, 820 (1935); Fay and Paneth: J. Chem. Soc. 
1936, 384. 

(P12) Panbth: Radio-eUmenta cts Indicators, McGraw-Hill Book Company, Inc., 
New York (1928). 

(P13) Polissab: J. Am. Chem. Soc. 68, 1372 (1936). 

(P14) Pbbbibb and SegbI:: Ricerca sci. 9, 638 (1938). 

(P15) Pebbieb and SEGBk: J. Chem. Phys. 6, 715 (1937); 7, 155 (1939). 

(P16) Paneth: Z. Elektrochem. 24, 298 (1918). 

(P17) Polbssitsky: Compt. rend. acad. sci. (U.R.S.S.) 24, 540 (1939). 

(P18) Polessitsky: Compt. rend. acad. sci. (U.R.S.S.) 24, 668 (1939). 

{P19) Panbth and Hopbditz: Ber. 62, 1335 (1929). 

{P20) Battling and Cobyell: Proc. Natl. Acad. Sci. U. S. 22, 159, 210 (1936). 

(P21) Pollard and Watson: Phys. Rev. 68, 12 (1940). 

(Ql) Quill: Chem. Rev. 23, 87 (1938). 

(Rl) Roberts, Hetdenburg, and Locheb; Phys. Rev. 63, 1016 (1938). 

(R2) Richardson: Phys. Rev, 66, 609 (1939). 

(R3) Ridenour and Henderson: Phys. Rev. 62, 889 (1937). 

(R4) Richardson: Phys. Rev. 53, 124 (1938), 

(R5) Ridenour, Dslsasso, White, and Shebb: Phys. Rev. 63, 770 (1938). 

(R6) Ridenour, Hendbbson, Henderson, and White: Phys. Rev. 61, 1012 (1937). 
(R7} Richardson: Phys. Rev. 49, 203 (1936). 

(R8) Richardson and Kubie: Phys. Rev. 60, 999 (1936). 

(R9) Rissbr: Phys. Rev. 62, 768 (1937). 

(RIO) Reddbhann and Strassmann: Naturwissenschaften 26, 187 (1938). 

(Rll) Ruben and Kahen: Private communication. 

(bl2) Rona: Anz. Akad. Wiss. Wien, Math.-naturw. Klasse 73, 169 (1936). 

(R13) Rumbaugh, Roberts, and Hapstad: Phys. Rev. 64, 657 (1938). 

(R14) Rumbaugh and Hapstad: Phys. Rev. 60, 681 (1936). 

(R15} Reddemann: Naturwissenschaften 28, 110 (1940). 

(R16) Rissbr, Lark-Hobovitz, and Smith: Phys. Rev. 67, 355 (1940). 

(R17) Ruben and Kambn: Phys. Rev- 67, 549 (1940). 

(R18) Ridbnour and Yost: Chem. Rev. 18, 467 (1936). 

(R19} Rutherpobd, Chadwick, and Ellis: Radiations from Radioactive Svbstances. 

Cambridge University Press, London (1930). 

(R20) Rosenblum and Flagg: J. Franklin Inst. 228, 471, 623 (1939). 

(H21) Roginsky and Gopstbin: Physik. Z. Sowjetunion 7, 672 (1935). 

(R22) Reitz: Z. Elektrochem. 46, 100 (1939). 

{R23} Rasetti: Z. Physik 97, 64 (1935). 

(R24) Rollbpson: Private communication. 

{R25) Rollbpson and Libby: J. Chem, Phys. 6, 569 (1937). 

(E26} Rollxn: J. Am. Chem. Boc. 86 (1940). 

(R27) Rollin: Phys. Rev. 66, 231 (1939). 

{B28) Ruben, Kamen, Hassid, and DeVault: Science 90, 570 (19^). 



ARTIFICIAL RALIOACnVITY 


(R29) Rtjbbn Ain> Kamen: Proc. Natl. Acad. Sci. U. S. 26, 418 (1940). 

(R30) Roginskt and Tabtakovskaja; Compt. rend. acad. sci. (U.R-S.S.) 24, 709 
(1939). 

(R31)* Ruben, Nobeis, and Nahinsky: Private communication. 

(R32) Ruben, Kambn, and Feenkbl: To be published. 

(R33) Ruben, Hassid, and Kaijien: J. Am. Chem. Soc. 61, 661 (1939). 

(R34) Ruben, Hassid, and Kamen: Science 91, 578 (1940). 

(51) Snell: Phys. Rev. 61, 143 (1937). 

(52) Sagane: Phys. Rev. 60, 1141 (1936). 

(53) Snell: Phys. Rev. 49, 655 (1936). 

(54) SegeJs: Phys, Rev. 66, 1104 (1939). 

(55) SiNMA AND Yamasaki: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 36, 

16 (1938), 

(56) Sagane: Phys. Rev. 66, 31 (1939). 

(57) Sagane: Phys. Rev. 63, 212 (1938). 

(58) Sagane, Kojima, and Ikawa: Phys. Rev. 64, 149 (1938). 

(59) Snell: Phys. Rev. 62, 1007 (1937). 

(SIC) Sege^s, Halfoed, and Seaboeg: Phys. Rev. 66, 321 (1939). 

(511) Stewart, Lawson, and Cork: Phys. Rev. 62, 901 (1937). 

(512) Sagane, Kojima, Miyamoto, and Ikawa: Phys. Rev. 64, 643 (1938). 

(513) Sagane, Kojima, Miyamoto, and Ikawa: Phys. Rev. 64, 970 (1938). 

(514) Seaboeg and SegeIs: Phys. Rev. 66, 808 (1939). 

(515) Seaboeg, Livingood, and Kennedy: Phys. Rev. 67, 363 (1940). 

(516) SiNMA AND Yamasaki: Phys. Rev. 66, 320 (1939). 

(517) Sizoo AND Eijkman: Physica 6, 332 (1939). 

(518) Strain: Phys. Rev. 64, 1021 (1938). 

(519) Stewart: Phys. Rev. 66, 674 (1939). 

(520) Scheichenbbrgee: Anz. Akad. Wiss. Wien, Math.-naturw. Klasse 17, 108 

(1938). 

(521) SegeIi and Wu: Phys. Rev. 67, 552 (1940). 

(522) SegeI:, Kennedy, and Seaboeg: Unpublished work. 

(523) Shaeppbe and Hartbck: Z. Physik 113, 287 (1939). 

(524) Stewabt; Phys. Rev. 66, 629 (1939). 

(525) Sagane, Kojima, and Miyamoto : Proc. Phys.-Math. Soc. Japan 21, 728 (1939). 

(526) Sagane, Kojima, Miyamoto, and Ikawa: Proc. Phys.-Math. Soc. Japan 21, 

660 (1939), 

(527) SEGBh AND Wu: Private communication. 

(528) Szilard and Chaimebs: Nature 134, 462 (1934). 

(529) Stbigman: Phys. Rev. 63, 771 (1938). 

(530) SBGBk, Mackenzie, and Cobson: Phys. Rev. 67, 1087 (1940). 

(531) Steong: FrocedureB in Experimental Physics, p. 259. Prentice-Hall, New 

York (1938). 

(532) Seaboeg, Pbibdlaendbb, and Kennedy: J. Am. Chem. Soc. 62, 1309 (1940). 

(533) Seabobg, KsiqNBDY, and Waul: J. Chem. Phys. 8, No. 8 (1940). 

(534) Segb±: Private conmaunication. 

(835) Sabgent: Proc. Roy. Soc. (London) A130, 6^ (1933). 

(536) SEGBk: Nature 143, 460 (1939). 

(537) Steigman, Shockley, and Nix: Phys. Rev. 66, 13 (1939). 

(838) Seaboeg and Ihvingood: J. Am. Chem. Soc. 60, (1938). 

(S39) Sagrubskij: Physik. Z. Sowietuuion 12, 118 (1937). 



284 


GLENN T. SEABOBG 


(S4D) Sagaite, Hojima, Miyamoto, and Ikawa: Phys. Rev. 57, 750 (1940). 

(541) Smith and Cowib: Private communication. 

(542) Saganb, Rojima, Miyamoto, and Ikawa: Proc. Phys.-Math. Soc. Japan 22, 

174 (1940). 

(543) Satjndbes: Private communication. 

(544) SEGRis: Nuovo cimento 12, 232 (1^5). 

(545) Shbrs: Phys. Rev. 67, 937 (1940). 

(546) Sagane, Kojima, Miyamoto, and Ikawa: Phys. Rev. 67, 1180 (1940). 

(Tl) Thornton: Phys. Rev. 61, 893 (1937). 

(T2) Thornton: Phys. Rev. 53, 326 (1938). 

(T3) Thornton: Phys. Rev. 49, 207 (1936). 

{T4) Tape and Cork: Phys. Rev. 63, 676 (1938). 

(T6) Thornton and Cork; Phys. Rev. 51, 383 (1937). 

(T6) Tyler; Phys. Rev. 66, 125 (1939). 

{T7) Tape: Phys. Rev. 66, 965 (1939). 

{T8) Turner: Rev. Modem Phys. 12, 1 (1940). 

(T9) Topley and Weiss: J. Chem. Soc. 1936, 912. 

(TIO) Tuck: Trans. Faraday Soc. 34, 222 (1938). 

(Vi) Van Voorhis: Phys. Rev. 889 (1936). 

(V2) Van Voorhis: Phys. Rev. 60, 895 (1936). 

(V3) Valley and McCreary: Phys. Rev. 66, 666 (1939). 

(V4) Van Voorhis: Private communication. 

(V6) Victorin: Proc. Cambridge Phil. Soc. 34, 612 (1938). 

(V6) Voge: J. Am. Chem. Soc. 61, 1032 (1939). 

(V7) Valley and McCreary: Phys. Rev. 66, 863 (1939). 

(V8) Voge and Libby: J. Am. Chem. Soc. 69, 2474 (1937). 

(V9) Volkopf: Phys. Rev. 67, 866 (1940). 

(Wl) Walke: Phys. Rev. 52, 663 (1937). 

(W2) Walke: Phys. Rev, 61, 439 (1937). 

(W3) Walks: Phys. Rev. 62, 400 (1937). 

(W4) Walke: Phys. Rev. 62, 777 (1937). 

(W5) Walke, Williams, and Evans: Proc. Roy. Soc. (London) A171, 360 (1939). 
(W6) Walks: Phys. Rev. K, 669 (1937). 

(W7) White, Delsasso, Fox, and Ceeutz; Phys. Rev. 66, 512 (1939). 

(W8) Walks: Private communication. 

(W9) Weil and Barkas: Phys. Rev. 66, 485 (1939). 

(WIO) Walke: Phys. Rev. 67, 163 (1940). 

(Wll) White: Private communication. 

(W12) Walke, Thompson, and Holt: Phys. Rev. 57, 177 (1940). 

(W13) Walke, Thompson, and Holt: Phys. Rev. 67, 171 (1940). 

(W14) Ward: Proc. Cambridge PMl, Soc. 36, 523 (1939). 

(W15) Watasb, Itoh, and Takeda: Proc. Phys.-Math. Soc, Japan 22, 90 (1940). 
{W16) Watase and Itoh: Proc. Phys.-Math. Soc. Japan 21, 626 (1939). 

(W17) Wilson: Proc. Roy. Soc. (London) ASS, 285 (1911) ; A104, 1 (19^). 

(W18) Wilson: J. Am. Chem. Soc. 60, 2697 (1938). 

(W19) Wilson and Dickinson: J. Am, Chem. Soc. 69, 1358 (1937). 

(W20) Willard: J. Am. Chem. Soc. 62, 256 (1940). 

(W21) WeizsAcksr: Naturwissenschaften 24, 813 (1936). 



AETmciAL EADioAcrmrr 


285 


(W22) Wilson and Dickinson: J. Am. Chem. Soc. 61, 3619 (1939). 

(W23) Willabd: Abstract No. 67, Division of Physical and Inorganic Chemistry, 
Cincinnati Meeting of the American Chemical Society, April, 1940, and 
private communication. 

{W24) Watson and Pollard: Phys. Rev. 57, 1082 (1940). 

(W26) Weisskopp and Ewing: Phys. Rev. 67, 472 (1940). 

{W26) Weisskopp: Phys. Rev. 63, 1018 (1938). 

(W27) Waldman and Collins: Phys. Rev. 67, 338 (1940). 

(Yl) Yost, Ridenour, and Shinohara: J. Chem. Phys. 3, 133 (1935). 

(Y2) YasakiandWatanabe: Nature 141, 787 (1938). 

(Y3) Yukawa and Sakata; Proc. Phys.-Math. Soc. Japan 17, 467 (1936); 18, 
128 (1936). 

(Y4) Yamasaki and Sinma; Sci. Papers Inst. Phys. Chem. Research (Tokyo) 37, 
10 (1940). 

(Zl) Zimbns: Z. physik. Chem. B37, 231 (1937). 


References added in ^roof 

(B49) Brejnbva and Roginskt; Uspekhi Khim. 7, 1603 (1938) (in Russian). 
(BSO) Bower and Burcham: Proc. Roy. Soc. (London) A173, 379 (1940). 

(C45) Clanct: Phys. Rev. 68, 88 (1940). 

(C46) Corson, Mackenzie, and SegrIj: Phys. Rev., in press. 

(C47) Curran and Strothers: Proc. Cambridge Phil. Soc. 36, 262 (1940)* 

(D27) Dodson and Fowler: Phys. Rev. 67, 966 (1940). 

(F17) Fajans and Voigt; Phys. Rev. 68, 177 (1940). 

(G22) Grinbbrg and Roussinow: Ph 3 rs. Rev. 68, 181 (1940). 

(H59) Hakby, Shoupp, Stephens, and Wells: Phys. Rev. 68, 92 (1940). 

(K25) Kalbpbll and Cooley; Phys. Rev. 68, 91 (1940). 

(K26) Krishnan and Banks; Nature 146, 860 (1940). 

{L68) Levi: Nature 146, 588 (1940). 

(M37) McMillan; Phys. Rev. 68, 178 (1940). 

(N9) Nishina, Yasaki, Ezoe, Bomura, and Ikawa: Nature 146, 24 (1940). 

(R35) Roginskt and Apanasiev: Compt. rend. acad. sci. U.R.S.S. 26, 376 (1940), 

(547) SuESs: Z. physik. Chem. B46, 312 (1940). 

(548) SuBSs; Z. physik. Chem. B46, 297 (1940). 

(Til) Townsend: Proc. Roy. Soc. (London) A175, S48 (1940). 




THE CHEMISTRY OF VITAMIN E^ 

LEE mVIN SMITH 

School of CherrdBtryf University of Minnesota, Minneapolis, Minnesota 
Received May 6, 1940 


CONTENTS 

1. Introduction 287 

11. a-Tocopherol 292 

III. jS-Tocopherol 304 

rV. 7 -Tocopherol 306 

V. Chemical properties of the tocopherols 312 

VI. Methods of assay and analysis for tocopherols 314 

VII. Specificity of vitamin E 317 

VIII. Uses and importance of vitamin E 323 

IX. Vitamin K 323 


I. INTRODUCTION 

In 1922 Evans and his collaborators at the University of Califomia 
(24, 25, 26, 27, 28, 29, 30, 31, 32) described the results of a long series of 
experiments which indicated that there was required, in animal nutrition, a 
dietary constituent necessary for normal reproduction. Young rats, fed 
for a sufficiently long time on a diet of purified foods with addition of the 
necessary salts and all of the known vitamins, lost the ability to reproduce. 
Upon the addition of certain vegetable products to the diet, the repro- 
ductive ability was regained. It followed that there existed, in the added 
v^etable products, an unknown factor which was nec^sary for the normal 
reproductive ability of rats. First designated as factor-X, the substance 
was later recognized as a vitamin and given the letter E (27, 130). It has 
also been called the antisterility factor or the reproductive vitamin. 
Although other vitamins, especially vitamin A, appear to exert an influence 
on the reproductive ability, this loss is most characteristic of a lack of 
vitamin E, The existence of vitamin E was at first disputed by several 
workers, but as the studies progressed, it was shown that these workers 
had used diets not quite free from vitamin E, and soon there was general 

1 This paper is No. XXV in a series dealing with the chemistry of vitamin E and 
related substances. It .was presented in part at the Eighth National Organic Chem- 
istry Symposium, which was held at St. Louis, Missouri, Ifecember, 1939. Paper 
XXrV appeared in the Journal of the American Chemical Society (38). 

287 



LES niviir SMITH 


agre^ent that the factor actually existed. Almost simultaneously -with 
Evans’ publications, Sure (129, 130, 131) and Mattill and his collaborators 
(95, 96, 97) published the results of their experiments, which also indicated 
Ihe existence of the antisterility factor. These results have since been 
duplicated in many other laboratories. It is unfortunate, however, that 
the terms “antisterility vitamin” and “reproductive vitamin” were ever 
applied to vitamin E, for in no case has the vitamin been found to bring 
about reproductive ability where formerly this did not exist at all; neither 
does a dose latter than the minimum necessary for normal litters bring 
about any increase in the size of the litters. The function of the vitamin, 
so far as reproductive ability alone is concerned, is merely one of aiding or 
allowing a normal action to occur. 

Further investigation of vitamin E was intensively undertalren by Evans 
and his associates, particularly by Evans and Burr (31, 32, 33). Extended 
series of experiments, involvii^ many thousands of e:q>erimental animals, 
were carried out (31, 32, 33). The results showed that wheat-germ oil 
was the richest source of vitamin E, but the vitamin was also found in 
contiderable amounts in cottonseed oil (100), lettuce oil, rice-germ oil, and 
oth» seed-germ oils (31, 103) . The vitamin remains in the unsaponi^ble 
part of the lipoid fraction (31, 32, 91). By processes of partition between 
different solvents, a sterol-free concentrate was obtained which was active 
in tingle doses 10 mg. (31, 32). 

The characteristic S 3 miptoms of lack of vitamin E differ in the sexes (24). 
In the female rat (31, 32) normal conception occurs, but this is followed by 
“resorption sterility.” There is the usual pregnancy increase in weight 
for about 10 days, then the weight decreases and becomes normal at about 
tite twentieth day. No Utter is cast. The Utter has been resorbed, but 
the resorption has no effect upon the next oestrus cycle. If, now, a female 
known to be in this state of resorption steriUty is again mated, conception 
occurs as before. A day or so later, the animal is given in the food the 
substance to be tested. If this is active, the pregnancy will be terminated 
by the birth of a Utter of Uving young. The vitamin E activity is often 
expressed as milUgrams of the substance, fed in a sii^le dose, necessary to 
cure the steriUty and to produce Utters in 50 per cent of the animals used 
(1,2,3,4,6,31,32,105). 

In male animals, the characteristic ssimptoms of lack of the vitamin are 
associated with the germinal epithdia and the spermatozoa. These 
d^enerate rmtil aU sexual power is lost. These changes can be arrested 
by vitamin E only in the early stages; once the d^eneration in the male 
animal has progressed very far, administration of the vitamin is iff no use. 
At one time, it was su^ested that there might be two vitamin E factors, 
one essential for male animals and the other essential for females (51), 
but later work has failed to substantiate this. 
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Along with these dianges in the reproductive organs go other, more 
obscure, degenwative changes elsewhere. Recently Shimotori, Emerson, 
and Evans (106) have reported cases of muscular dystrophy caused by 
lack of vitamin E, and there are growth effects (22, 104) clearly discernible, 
as well as a characteristic paralysis of the hind quarters (33). Other 
effects, especially coimected with the h3q>oph]^ and with the occurrence 
and growth of tumors, have been reported, but there is not complete 
agreement, as yet, about the connection between these effects and 
vitamin E. 

At the close of the second stage in the study of vitamin E, it was possible 
to obtain a concentrate from wheatgerm oil which showed activity in 
doses of 10 to 5H) mg. These were yellow to red oils which were extremely 
difficult to concentrate further. By high-vacuum distillation, Olcott and 
Mattill (100, 101, 103) were able to obtain a fraction boiling at 200-260‘*C. 
under 0.05-0.1 mm. pressure, which was active in doses of 5 mg., but the 
vitamin was damaged in this process by the high temperature necessary 
for the distillation. Evans, Emerson, and Emerson (34), as well as Todd, 
Beigel, and Work (133), subjected the concentrates to partition between 
petroleum ether and methanol and obtained highly active preparations; 
Drummond and collaborators (20, 21) used chromatographic adsorption 
to achieve the same end. But none of these procedmes yielded the vitamin 
in crystalline form. At each stage in these separations the various frac- 
tions were assayed biologically, and, also at this time, measurement of the 
ultraviolet absorption spectra of these concentrates was b^un. It was 
found that a parallel existed between the activity and the he^t of an 
absorption band at 2940 A. (13, 14, 20, 21, 41, 100, 101, 103, 137), and 

this proved to be a reliable guide in following the process of concentration. 
The curves are given in figure 1 (137): A is the curve for naturd o-toco* 
pherol, with circles and squares representing two different pteparatirms; 
B is the curve for ssmthetic (B-a-tocopherol; and C is the curve for wr 
xylotocopheroL In figure 2 are pven, for comparison, the curves of three 
model substances related in structure to the tocopherols; the similarities, 
as well as the differences, of the chroman and comnaran types are apparent 
from tiiese curv^ 

These vitamin E concentrates are readily soluble in all lipoid ailvent^ 
and only sightly soluble in water. They withstand a tonperatore of. 
about 200°C. and are fairly stable in the air when in mass, althoc^ when 
finely divided they are attacked by air, and lose their activity. Bltrar 
violet li^t quiddy destroys all of the activity (21). The eoncoitrates 
are quite staUe toward acids, much less so toward alkaHs (31). are 
retistant to reduction but are qmckly attacked by oxidiwng ag^it^ even 
by Budi mild oxidizing £gents as fmic chloride. Potasanm pe rmanganat e, 
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in pyridine solurion, is rapidly reduced even in the cold (1(S). Ozone 
inactivates the vitamin (101). The presence of an active hydrogen atom 
was shown by the Zerewitinoff procedure (20). Acetyl chloride and ben- 
zoyl chloride react to produce esters (100, 101, 103), and these esters have 
practically the same activity as the original material. By comparing the 
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Fig. 1. Ultraviolet absorption spectra. A, curve for natural a-tocopherol; B, 
curve for synthetic dZ-a-tocopherol; C, curve for 7n-xylotocopherol. 



shift in the maximum of the absorption spectrum that takes place when 
phenol is acetylated, with that occurring when vitamin E concentrates are 
acetylated, John, Dietzel, and Gunther (63) were able to deduce that the 
hydroxyl group in vitamin E was phenolic in nature. 

However, esterification of these concentrates by various acids failed to 
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produce solid esters, and it was not until Evans, Emerson, and Emerson 
(34) treated the concentrates with cyanic acid that a solid derivative of 
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Fig. 2. Ultraviolet absorption spectra of three model substances related in struc- 
ture to the tocopherols. 
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the vitamin was obtained. This reaction, characteristic of the hydrosyi 
group, leads to esters known as allophanates. 

2HNC0 + ROH HiNCONHCOOR 

By careful purificatim of the solid obtained in this way from wheat-gam 
oil concenixates there was obtained an allophanate meltiiig at 1S9-160^. 
and another Tndting at 138°C. These allophanates were soon isolated in 
other laboratories (20, 133); careful reeiystallization of the allophanate 
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mdtii^ at 138“C. gave a product which melted at 144r-146®G. (41, 133). 
These allophanates were hydrolyzed, and each yielded a pale yellow oil. 
These oils were both highly active, the first in 3-n^. doses, the second in 
S-mg. doses. For these individual vitamin E factors Evans coined the 
name tocopherol; ibe tocopherols were then dedgnated as a- and j8-toco- 
pherols. From 1 kg. of wheat-germ oil, about 1 g. of a^-tocopherol allo- 
phanate may be obtained, although the sdeld is often much less than this. 
a-Tocopherol was converted into the p-nitrophenylurethan, m.p. 129- 
131®C.; it was then recovered from this derivative by hydrolsrsis, and 
reconverted into the allophanate, which again nnelted at 158-160®C. 

a-Tocopherol possesses all of the properties of the highly active concen- 
trates from wheat^erm oil. It ^ows the same solubility behavior, and the 
absorption band at 2940 A. is the same. Analysis shows the composition 
to be CjsHsi^a. The homo^eity of tire preparation was tiiown by 
converting it, as stated above, into a soHd p-nitrophenylurethan (and a 
solid p-nitrobenzoate) and transformation of these into allophanates with 
the same melting point as that possessed by the original allophanate from 
the concentrates. 

^-Tocopherol, obtained in the same way from its allophanate, is likewise 
an oil. Its properties are almost identical with those of pt-tocopherol, but 
its composition is C 2 sE [4802 and so it is a lower homolog of oe-tocopherol. 
The yidd of jS-tocopherol from wheat-germ oil is usually much smaller 
than the yield oS o-tocopherol, but often, from oils of different sources, 
normal amounts of ^^ncopherol can be isolated, while almost no o-toco- 
phearol can be found. 

A third allophanate, melting at 138-140°C., has been isolated from 
cottonseed oil by Emerson, Evans, and tiieir associates (41). This has 
been named y-tocoph^l allophanate. y-Tocopherol is likewise an oil, 
active in 8-nag. doses, and it is an isomer of /^-tocopherol, having the 
compotition C28H4^z. 

We have, tiien, three antisterility factors which are respoiutible for 
vitamin E activity. These three tocopherols appear to be the only sub- 
stances isolated from natural noaterial which certainly possess vitamin E 
activity, for reports of stiU oth^ active principles have not been sub- 
stantiate (57, 80, 88, 89). 


n. OHrOCOPHlBBOI. 

As mentioned above, o-toeopherol possesses the composition C^»HboOi. 
This composition is very close to tiiat of some of the sterols, — sitosterol, 
for instance, having the composition CStsH«0. As ddiydro^nation with 
atieniom had been of such great value in connection with studies of sfxuc- 
ture in the fi^ of the sterols, it was natural that this method tiiould be 
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applied to a-tocopherol. McArtiiur and Watson (92) heated o-toeopherol 
wxtii selenium; the result was a yellow sublimate, duroquinone, and a red 
oil. Somewhat later Femholz (44) pyrolyzed a-tocopherol at SSO^C. in 
&e absence of any dehydrogenating agent. There was obtained a good 
3 ddd of a white crystalline sublimate, identified as durohydroquinone (I), 
t(^e11ier with a red oil. Similarly, ;3-tocopherol gave trimethylhydro- 
quinone (10, 55). The simplest assumption which would account for 
these decomposition products was that a-tocopherol was a monoether of 


OH 



OCi9H37 

HaC^CH, 

HaC^CH, 

II 


"Vh 


III 


hydroduroquinone (44, 55), such as II (in wMch the group CiaHar contained 
one saturated ring), for it was known that many alkyl ethers of phenols 
were cleaved by pyrol 3 rsis into the phenol and an unsaturated h 3 rdrocarbon. 
Accordingly, in several laboratories monoethers of hsrdroduroquinone and 
of other hydroqTiinones were synthesized. Some of tiiese showed activity 
when assayed biologically, but these ethers differed mwkedly from o-toco- 
pherol in chemical properties and their ultraviolet absorption Eg>ectra 
were also quite different from that of the vitamin. As a result of these 
studies, it quickly became apparent thato^-tocopherol could not be a simple 
monoether of hydroduroquinone (11, 58, 89, 99). John, Dietzd, and 
Gfinther ( 0 ) had also obtained pseudocumenol-6 (isoi^udocumenol), III, 
by heating a-tocopherol with hydriodic acid; this result was also difficult 
to reconcile with the assumption that a-tocopherol was a timple monoethmr 
of hydroduroquinone, but it could be reconciled with the a^umption that a 
second ring was condensed with the aromatic nucleus, probably involvii^ 
an osygen atom. Beigel, Todd, and Work (11) found that a-tocopherol, 
when energetically hydrogenated, absorbed 4 moles of hydrogen and they, 
too, supposed that an oxide ring was a part of the structure of the vitamin. 

The correct structure for a-tocopherol (IV) was proposed by Framholz 
(45) as a result of oxidative d^radation, using chromic add as the oxidizlhg 


CH, 
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agent. The products were a CJ*i lactone (V), dimethylmaldc anhydride 
(VI), a Ci8 ketone (VII), a Cw acid (VIII), together with diacetyl and 
acetone. 



0=CCH*R 



V 

HOOCR 



VI 

CHsCOCOCH, CHaCOCH, 


Vn VIII 

E - CuHn— or CH»CHC5H,CH.CHiCHCH»CH,CH»CHCH,CHr- 

I I I 

CH, CH, CHi 


The hydroxy acid corresponding to the lactone V was transformed into the 
lactone with extreme ease, indicating that it was a y-hydroxy acid; more- 
over, the hydroxyl group of the acid could not be oxidized to a carbonyl 
group, and was esterified only with diflSculty. These facts indicated that 
the hydroxyl group was tertiary. The Cm acid (VIII), when analyzed for 
C — CHa groups, showed three such groups. The structure for the lactone 
(V) can only be written as shown in order to explain the formation from it 
of a Cm ketone and a Cie acid, and when these degradation products are 
assembled, they lead unequivocally to the structure IV, that of a chroman, 
for o-tocopherol. These results do not, of course, lead to the structure 
shown for the group R, CisHai. The structure for this group was written 
on the basis of the C-methyl determination and the experiences gained in 
other fields of natural products which frequently contain chains of “iso- 
prene" units joined head to tail. 

Karrer (80, 89), although considering both the chroman (IV) and the 
coumaran (IX) structures for o-tocopherol, at first preferred the latter. 
However, John and his associate (58) showed that a-tocopherol, when 


CHs 

HsC/V^V-CHCHjR 

‘ ^ 

DC 

E ™ C^bEu — , 


OH 

CH, O I .C3z 



X 

in structure ZV 
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oxidized carefully with silver nitrate or ferric chloride, gave a yellow qui- 
none C^). This quinone could be reduced to a hydroquinone, the di- 3 >- 
bromobenzoate of which was quite stable toward chromic oxide, a fact 
which indicated that the hydroxyl group in X was tratiaiy. This could 
only be true if the oxygen ring in a-tocopherol were a chroman, for/t^e 
coumaran IX would on oxidation give a hydro^quinone, the hydroxyl 
group of which would be secondary and so susceptible to ready oxidation 
by chromic oxide. Karrer based his selection of the coumaran formula 
(IX) upon the fact that allyl bromide, when condensed with trimethyl- 
hydroquinone, does give a coumaran, and when he S3mtiiesized a-tocopherol 
from phytyl bromide, trimethylhydroquiaone, and zinc diloride (79) he 
stated that structure IX was “highly probable.” 

The synthesis of chromans such as IV is often, but by no means always, 
rather simple and eai^. The starting materials are hydroquinones (or 
phenols) having vacant one position in the ring ortho to the hydroxyl 
group (42, 81, 116). These are condensed with aUylic halides or alcohols, 
or with conjugated dienes (7, 8, 79, 80, 119, 126). Frequentiy the reaction 
proceeds so smoothly that ndther solvent nor catalyst is required, espe- 
cially when allylic bromides or chlorides are used. When the alcohols or 
the dienes are used, it is custonoary to employ both a catalyst and a solvit. 
But in any event, because of the great reactivity of the allyli^compounds, 
coupled with the enhanced activity of the aromatic nucleui in polyalkyl 
benzene derivatives, reactions between the two classes of compounds take 
place readily and the products are often obtained in good yields. 

Using tile halides or the alcohcds, the first step in the reaction appears 
to be a direct introduction of the all^l group (121, 128) without rearxai^e- 
ment, to give XI. 
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IVequeatly, when X is halogen, the HX addition products (XII or XIII) 
of the allyhe compounds (XI) can be isolated. The second step in the 
reaction, the ring closure, involves the addition of the hydro^l group to 
the double bond in the side chain of XI, in accordance with Markowni- 
koS’s rule. 



Coumaran 

(Ri and R* = hydrogen) 


Hence, whether a chroman or a coumaran will be formed in this reaction 
will depend upon the nature of the groups or atoms attached to the 
r-carbon atom in the alljlic compound. If these groups are both al^l, 
the oxygen of the hydrosyl group will add to the 7 -carbon atom and the 
product will be a chroman (XIV) ; while if these groups are both hydrogen, 
addition will occur in the reverse manner and the product will be a cou- 
msa&D. (XV). When one of the groups is alkyl and the other is hydrc^n, 
the product might be either the chroman or the coumaran, or a mixture 
of the two, although in most of these cases which have been studied so 
far it is largdy the chroman. In a recent paper, Eairer, Escher, and 
Eoitschler (74) have made similar generalizations about these ring closures ; 
they have isolated, as c<mdensation products of trimetitylhydioquinone 
and crotyl bromide, both the chroman (XXXIII) and the eomnaran 
(XXXIUa). The structure of the latter was proved by an independent 
Syntheas, using the sequsice of reactions shown for the syntheas of XVI, 
substituting propionykcetic ester for acetoacetic ester. 

However, it is very curious in this connection that condensation of 
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trimethylhydroqumone witli either crotyl chloride or butadiene (111) gave 
the same product, melting at 145“C. Mixtures of these two products did 
not show any depression in melting point, and according to previous work 
(74) this product was 2,5,7,8-tetramethyl-6-hydroxychroman (XXXIII; 
page 22), The isomeric 2-ethyl-4,6,7-trimethyl-5-hydroxycoumaran 
(XXXlIIa), isolated along with the chroman from the condensation 
product of crotyl hromide and trimethylhydroquinone (74), was reported 
to melt at 120®C. alone or when mixed with the chroman XXXIII, m.p. 
145°C. Yet the series of reactions involving compounds LII, LV, LVI, 
LVII, and XXXIII has been reported (66). The last step, from LVII to 
XXXIII, involved the action of hydrobromic acid upon a solution of the 
ketone LVII in acetic add, whereby the methoxyl groups were cleaved, 
and, simultaneously, reduction and ring closure occurred. The chroman 
XXXIII, made in this way, was reported to melt at 145®C. This experi- 
ment was repeated, via LII, LIII, LIV, and LVII (111), but the product, 
although it melted at 143®C., was not identical with XXXIII prepared 
from trimethylhydroquinone and crofyl chloride, crotyl bromide, or buta- 
diene. A mixture of the two substances (both melting at 143-146®C.) 
mdted at 115-130®C. Moreover, the product prepared from the ketone 
LVII gave a red color immediately with alcoholic silver nitrate, while the 
product prepared by condensation of trimethylhydroquinone and crotyl 
chloride or butadiene gave only a yellow oil with alcoholic silver nitrate. 
This yellow oil, when reductively acetylated, gave a monoacetate which 
mdted at 79-80.5®C. and which was identical with the monoacetate (m.p. 
84-85®C.) obtained from the condensation product itself (111). It then 
appears that the ketone LVII can be converted into the same product as 
that obtained by condensation of trimethylhydroquinone with crotyl bro- 
mide, but this product is certainly different from the substwce obtained 
by condensation of the hydroquinone with dther crotyl chloride or 
butadiene. 

The halogen-containing products, XII and XIII, follow the same general 
rul^. These can be readily cyclized to ring compounds, HX being elimi- 
nated between the halogen atom and the hydrogen atom of the hydro^l 
group. It is to be noted that Markowcikoff’s rule also plays a put in 
these reactions, for althou^ XII cyclizes to XIV (R^ and R* are al^I), 
the addition of HX to the double bond m XI could occur in two ways 
and the mode of addition will be governed by the rule. Thus when R^ 
and R‘ in XI are alkyl groups, HX will add so as to produce XII; but 
when R^ and R‘ are hydrogen atoms, HX will add so as to produce XIH. 
The ensuing ring clrmre by eliminatirm of HX would thrai. give tiie 
chroman XTV from XII and the eoumaran XV frcan XTII. / 
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The geaeraliiies stated above regarding these reactions were carefully 
cheeked by means of model e^eriments upon simple compounds, the 
structures of which could be proved by independent syntheses. Thus, 
when aHyl bromide or chloride is condaased with trimethylhydroqumone, 
the product is the comnaran XVI (121, 126), which is also produced by 
reduction of the coumarone XVII whose structure had previously been 
proved (115). 
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When 7 , 7 Hdimethylallyl broniide is used, the ring closure occurs in the 
reverse direction and a chroman (XVIII) is produced (121, 126, 127). 
The structure of this chroman also was proved by an independent syntheds 
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from coumarin derivatives (XIX, XX, and XXI) of known structure 
(109, 110). 


CHs 

+ (CH,)80=CHCHsX- 


CH,^ 

HsQ^V 
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CH, 


ho! 
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This same chroman (XVIII) has also been syntherized in other ways (€6, 
68, 125), so that there can be no doubt as to its structure; it is also the 
product of the reaction between trimethylhydroquinone and isoprene (122, 
126, 128), a fact which has an important bearing upon the mechanism of 
th^ condensations (128). 

In all this work involving condensations of hydroquinones with idlyEc 
compounds and with dienes, Markownikoff’s rule has been assumed to 
apply fully, since the nature of one of the reactants (hydroquinonei) 
insured that the reaction occurred under antioxidant conditions. Any 
“peroxide effect” therefore was considered to be ne^^ble. Hecently, 
however, it has been shown that the antioxidant effect of aDylic phenols 
could be avoided by conversion of the phenols into acetates, and under 
these conditions there was a definite “peroxide effect” when the aUylic 
phenol acetates were cyclized (62). Thus, when o-allylphenol was cyclised, 
tile product was 2-methylcoumaran under all conditions. However, the 
acetaie of this phenol, subjected to the action of hydidbromic acid, gave 
B-mx^ylamruxnm when hydroquinone was present, and ehromm when 
ascaridole (or other peroxides) was present. In a rimilar fashicm, the aee- 
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tate of (Hallyl-p-cresol was converted into 2,5-dimethylcouinaran when 
hydroquinone was present, and into 6-methylchroman when peroxides 
were present. Other allylic phenols were found to be susceptible to this 
directed ring closure: these included o-allyl-o-cresol, o-allyl-p-bromophenol, 
and o-crotylphenol. But in the case of the one 7 , 7 -disubstituted allylic 
phenol studied, namely o-('y, 7 -dimethylallyl)phenol, the tendency toward 
chroman formation was so great that the product from the acetate was 
2,2-dimethylchroman regardless of whether hydroquinone or benzoyl 
peroxide was present (52). 

As stated above, conjugated dienes can be condensed with phenob and 
hydroquinones to give chromans and coumarans, and it b a fact that 
allylic carbinob, halides, and conjugated dienes, as weU as appropriate 
diob and dihalides which give conjugated dienes when treated with cata- 
lysts, all condense with phenob to give chromans and coumarans (16, 128). 
These reactions have recently been extended to methybted hydroquinones 
(122, 126, 128) and in particubr to the ssmthesis of tocopherob (7, 8, 79, 
119, 126, 128). Claben (16), who carried out the early work upon the 
phenob, implied that in all of these condensations the conjugated diene 
was an intermedbte regardless of the halogen or hydroxyl compound used. 

Diene or "jmtential diene” 
fXCHjCH^CCHsR 1 

in, 


Hydroquinones' 

or 

phenob 


condensed with 


/CH, 

CHf=CHC< 

I X3H,R 
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XCHsCH,C<f* 
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CHs 

CHJl 


pve chromans 
and coumarans, 
via the conju- 
gated diene 


CHs=CHO=CHR 

(Ih, 

X — OH or halogen; R alkyl 


When it was found that phytadiene could be condensed with trimethyl- 
hydroquinone to produce o-tocopherol (122, 126), Claben’s mechanism 
appeared to offer a common explanation of the formation of tocopherob 
from hydroquinones and phytyl halides (7, 8, 75, 79, 119, 126), phytol 
(126, 128), and phytadiene (122, 126, 128). 



CHSMISTRY OF WPAMTW e 


301 


CH, 

H3c/\oh 


CH,, 


HO! 




+ 


J^O /CH, 

H,(/V V 

^CH,I 


XCH2CH=CCH,R 

in, 

CH,==CHO=CHil 

in, 

X = OH or halogen 
It CuHsi * CHjCHCHiCHiCH2CHCH2CH2CB^CHCHjCHc“ 


IH, 



CH, 


cs, 


CH, 


Zq harmony with this conception is the fomoation of the chromans XVIII 
and XXII when either 7,7-dimethylallyl bromide or isoprene is used 
(121, 122). But tibis mechanism 
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offmrs some difficulti^ when conddered in the l^t of known facts re- 
garding the addition of phenols to double bonds. In the first place, allyl 
alcohol, aUyl bromide, and aUyl chloride all condense with2, 3, fi-tiimethyl- 
hydroquinone to give the coumatan XVI and it is obvious that the corre- 
sponding diene (ailene, CHf=C=CH,) cannot be an intermediate in this 
case unless an unusual mode of addition of the hydroquinone is postulated. 
Secondly, in some of the reactions between conjugate dienes and phendb, 
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hydroquinones, and their derivatives, allylic phenols or their HX addition 
products (XI, XII, XIII) are formed (122), and these may be cyclized in a 
separate operation, giving rise to the same cyclic compound whether the 
reaction is carried out in one step or in two. With a substituted diene 
such as isoprene, therefore, it is again difficult to interpret the reaction 
as a direct addition of the phenol or hydroquinone to the diene without 
assuming an imusual mode of addition, since the intermediate is known 
to contain a 7 ,Y-dimethylallyl group. 

In order to reach a decision as to whether or not the diene is an inter- 
mediate, ethylvinylcarbinol (XXIII) and 1,3-pentadiene (XXIV) were 
condensed with trimethylhydroquinone imder identical conditions (128). 
Since the diene to be expected from XXIII is XXIV, these two substances 
should give the same products when condensed with the hydroquinone, 
providing that the diene is an intermediate. Actually, however, the two 
products are different; the carbinol gave the coumaran XXV, while the 
diene gave the chroman XXVI. 



CH*CHiCHOHCH«=CH* 

XXIII 


CH,CH==<!HCH===CH* 

XXIV 


CHs 


HO! 




XXV 
CH, 



Thus the diene cannot be an intermediate in the formation of XXV, and 
some other mechanism must be devised to account for the known products 
obtained in these condensations. A tentative h 3 rpothesis, which accounts 
for all of the known facts, is as follows: the alcohols and halides, as stated 
above, react with the phenol or hydroquinone by direct nuclear “allylation^' 
without rearrangement; ring closure then follows in accordance with 
Markownikoff^s rule. The diems react first by 1 ,4-addition of the acidic 
catalyst (proton); this intermediate then ^‘allylates” the aromatic nucleus 
without rearrangement, and ring closure follows as before. Hence 
1 ,3-pentadjene (XXIV), isoprene, 2,3-dimethylbutadiene, phytadiene 
(XXIX), and other similarly constituted dienes with terminal CH 2 groups 
(XXVII; R^, R*, R* = hydrogen or alkyl) all give the same products as 
would be obtained using the halide or alcohol XXVIII (R^ R®, R* = 
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hydrogen or alkyl; X = hydroxyl or halogen). On the other hand, the 
secondary and probably also the terdary allylic alcohols and halides give 
products different from those obtained from the diene, and this r^ardless 
of whether the alcohols and halides are single substances or mixtures of 
allylic isomers, so long as one of the allylic isomers is not related to the 
diene as XXVIII is to XXVII. Thus methylvinylcarbinol and hydro- 
quinone give the chroman XXXII tna the intermediate XXX, while crotyl 
bromide gives the chroman XXXIII (74, 128) and the coumaran 
XXXIIIa (74) via the intermediate XXXI. 

R‘CH*=C(R*)CE*=CH, (XXVII) 
CH*CH=CHCH=CHj (XXIV) 
CH4=C(CH,)CH=CHi 
CHs=C(CHs)C(CH,)=CH, 
C«HaCH=C(CH8)CH=<®:, (XXIX) 

All dienes with terminal CHg group 
RiCHjC(R*)=C(R»)CH»X , (XXVIII) 
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■Using this reaction scheme, it can be readily understood that phytol, 
phytyl halides, and phytadiene should all condense with trimethylhydro- 
quinone to give a-tocopherol, a prediction in complete accord with the 
facts. Thus it is possible to use a variety of starting materials and so to 
synthesize in several ways compounds containing the chroman or cou- 
maran ring. These reactions all take place readily, and the syntheses of 
o-tocopherol described here involve no laborious syntheses of complicated 
intermediates, as is so often the case m vitamin syntheses. 


m. /S-TOCOPHBROL 

As stated before, jS-tocopherol possesses the composition C 28 H 4 SO 2 and 
is a lower homolog of a-tocopherol. On thermal decomposition, it gives 
a sublimate of trimethylhydroquinone (11, 55); cleavage with hydriodic 
acid leads to p-xylenol (63). These reactions indicate that /5-tocopherol 
possesses one less methyl group in the aromatic nucleus than does a-toco- 
pherol, and the proof that this is the only difference between ^ 8 - and 
a-tocopherol was supplied by Emerson (39) who, using the procedure of 
Femholz, obtained from j 8 -tocopherol practically the same degradation 
products as had been obtained from a-tocopherol. All of these facts indi- 
cated that the two methyl groups in the aromatic ring of /5-tocopherol 
were para to each other and that this tocopherol was a derivative of 
p-xylohydroquinone with the structure XXXIV. This structure was 
proved by the ^thesis of /5-tocopherol; in fact, all three of the “xylo- 
tocopherols” have been ^thesized (7, 8 , 54, 75, 76, 78, 79, 80, 86, 119). 



CiJgaCH»C(CH,>»=CHCH,X 
(X = OH or halogen) 
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XXXVI 

“()-Xylotocopherol” 

(7-Tocoph«ol) 


These syntheses, however, proved to be much more difficult than the 
synthesis of o-tocopherol. The great reactivity of the allylic alcohol or 
halide (phytol or phytyl bromide) used, coupled with the enhanced reac- 
tivity of the aromatic nucleus due to the presence of the methyl groups, 
led to the easy introduction of more than one phytyl group, resulting in 
the formation of complicated mixtures from which the separation of the 
tocopherols was extremely tediom and difficult. These by-products were 
substances of the type of XXXVII, XXXVIII, XXXIX, XL, and XLl. 



xxxvin 


By-products in the ^ynthrais of p-xyloOS)tocopheroi 


rrCT_ rmr. 



XXXIX XL 

By-products in the synthesis of o-:!grio(Y)toccpherpl 
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By-product in the synthesis of m-xylotooopherol 


The allophanates of the ^lotocopherols do not crystallize well from these 
mixtures, but by repeated chromatographic adsorption combined with 
ciystallizalion of the allophanates, Karxer (76) was able to isolate the 
allophanate and the p-nitrophenylurethan of m-xylotocopherol (XXXV), 
which melted at 150® and 90®C., reg)ectively, as well as the allophanate 
and the p-nitrophenylurethan of j)-xylotocopherol (XXXTV), which 
melted at 154-155® and 91°C., re^ectively. The allophanate of o-xylo- 
toeopherol (XXXVI) was also isolated (78) ; it melted at 146®C. These 
derivatives of p-:^lotocopherol (XXXTV) showed no depression in meltin g 
point when mixed with the corresponding derivatives of natural j8-toco- 
pherol (m.p. 146® and 90°C., re^ectively). This ^thesis therefore com- 
pleted the proof that jS-tocopherol is p-xylotocopherol (XXXIV). The 
English group, however, report the melting point of the p-nitrophenyl- 
urethan of p-^lotocopherol as 111-112®C. (Elarrer (86) later checked 
this and also reported 111-112*0.), and that of o-jgrlotocopherol as 89°C. 
(54). All three of the xylotocopherols are biolo^cally active when fed at 
5- to 10-mg. levels (54, 75, 76, 119). Recent work (86) indicates that the 
:QrlotocopheroIs are somewhat more active biologically than was at first 
supposed. All three are 100 per cent active in 10-mg. doses; o- and 
jw-xylotocopherols are’ about 50 per cent active in 5-mg. doses, although 
p-:grlo(j8)tocopherol, curiously enough, is inactive at this level. The para- 
and ortho-compounds are inactive in 2.5-mg. doses; data on the meta- 
compound were not reported at levels below 5 mg. 

IV. 7-TOCOPHBHOIi 

This tocopherol is also a lower homolog of a-tocopherol (39, 54). It is 
isomeric with ^tocopherol, and it has the composition Cs AgOa. On 
oxidation, y-tocopherol gives many of the same products as were obtained 
from a- and /3-tocopherols (39), particularly dimethylmaldc anhydride 
(38) (8 per cent yidd as compared with 24 per cent yield from o-tocopherol 
(19)) ; it also yields trimethylhydroquinone on pyrolysis (39) . These data 
indicate stroi^y that 7-tocopherol is o-sylotocopherol. The allophanate 
of 7-tocopherol melts at 137-140®C. 7-Tocopherol is extremely difficult 
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to isolate and purify, because the aUophauate of o-tocopherol is veiy 
RiTnilar to that of y-tocopherol and mixtures of the two show depressions 
of only a few degrees in melting point. It has recently been found, how- 
ever, that com-embryo oil is relatively rich in y-tocopherol and contains 
very little a-tocopherol, so that the isolation of the allophanate of 
-y-tocopherol from this source is much simplified (40). With larger 
amounts of y-toeopherol available, the structure of this substance will 
doubtless be definitely settled soon. 

Because the ^thesis of simpler tocopherols is accompanied by so many 
dde reactions and by-products, attempts have been made to devise S3m- 
theses which avoid these complications (77, 112, 113, 117, 124). Since 
{fiienols are much less troublesome than hydroquinones as far as th^ 
by-products are concerned, the heterocyclic ring was built onto the phenol 
and the p-hydroxyl group then introduced as the final step in the synthe- 
ris (113). Thus 2,3 ,5-trimethylphenol (III) was condensed with isoprene 
to give the chroman XXII. 





This was converted to the monobromo derivative (XUI), which reacted 
with metallic magneaum to produce the Grignmxi leagesit XLZII. Oo- 
dation of the magnesium derivative, followed by hsnirolye^ produced the 
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hydroxyehroman XVIII, identical with that synthesized by other methods. 
No by-products were produced in these syntheses, but the over-all 3deld 
of XVIII left much to be desired. Experiments were also carried out in 
which chromans and coumarans were coupled with aromatic diazonium 
compounds (77, 113). Thus Karrer (77), by coupling the coumaran XLV 
with diazotized 2,4-dinitroaniIine, prepared the azo compound XLVI, 
which was reductively cleaved to the aminocoumaran XLVIl. The aminn 
group of this coumaran was then diazotized and replaced by the hydro^l 


XLV 






en=n!^^ 

XLVI 


HsN! 


XLVII 

CH, 


XLvni 


h,nL — 

CH, 

XLIX 


group ia the usual way, yielding the hydroxycoumaran XLVIII. The 
aminocoumaran XLIX was prepared in a simdar manner. 

In another such series (112), 2,3, 5-trimethylphenol (III) was converted 
into 2,4,6,7-tetiamethyI-6-hydroxycoumaran (XVI) by two routes, as 
^own below. All of the reactions leading to the coumaran proceeded 
smoothly and gave good yields, and whether the allyl group was introduced 
before or after the coupling made no difference. The use of diazotized 
sulfanilic acid in the coupling reactions was advantageous, because after 
cl^vage the by-product (sulfanilic acid) was water-soluble and non- 
volatile. This series of reactions, in which ring closure occurs after the 
coupling, is of e^ecial value, since chromans and coumarans, being essen- 
tially phenol ethers, often do not couple wdd even with very active diazo- 
nium salts. The only step in the whole series of reactions which gave 
rise to any difficulty was the cleavage of the acetaminocoumaran to the 
aminocoumaran ; this cleavage could not be achieved by any of the methods 
tried. But the formylamino compounds offered no difficulty at any step; 
treatment of trimethylallylformaminophenol with hydrobromic acid gave 
tile aminocoumaran hydrobromide in good yield. The hydroxycoumaran 
XVI was prepared equally well via the two qulnones A and B, one of 
which (A) contmed the unsaturated allylic side chain, while the other (B) 
eontamed the saturated, but hydro^lated, side chmn. Many alternative 
patiis from UI to XVI involvu^ the compounds in the chart naturally 
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si^gest themselves; while all of these were not tried, there was no evidence 
that, the introduction of the various groups, as well as the ring closure, 
could not have been done in any desired order. An analogous series of 
reactions was also used for preparing 2-methyl-6-hydroxycoumaran. 
o-Allylphenol was converted, via the azo compound, into o-altyl-p-amino- 
phenol, which was thm ozidized to aUylquinone. The quinone was re- 
duced to the hydroquinone and the latter cyclized to the coiunaran. The 
over-aU yield of 2-methyl-5-hydro3qreoumaran was excellent. 
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While such syntheses as these are interesting and some of them appear, 
from the results of model experiments, to be promi^g as general me^ods 
for the ^ynlhe^ of p-hydroxychromans and p-hydro^eoumarans, no 
tocopherols have as yet been ^thesized by any of these methods. Like- 
wise unsuccessful as yet, are e^erim^ts leading to the s]mtheEis of 
tocopherols without the use of phytol. The action of Grignard re^^ents 
upon dihydiocoumarins leads to a,ce-disubstituted chronoans (L) in which 
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the two substituents are the same ( 9 , 15 , 67, 107, 118, 1^, 127), although 
by subjecting the dihydrocoumarin to the action of a mixture of two 
different Giignard reagents, the chroman LI can be obtained (67). 

The ketone LVII has been synthesized in two different ways (66, 125), 
and addition of EMgX to this ketone (R = CH* and CisHa), foUowed by 
cleavage of the ether linkages by hydrobromic acid leads directly to the 
chroman LVIII (66). Finally, the introduction of the second substituent 
into the oe-position of a p-hydroxychroman has been achieved, starting 
with the monosubstituted chroman (68), through the series of compounds 
TJX to LXIV. The 3 rields in this sjm^esis were fair, but the synthesis 
cannot compare in effici^cy with the direct syntiiesis of tocopherols from 




CrO, 

inCEUCOOS 





OH, 

H,c/V>H CX)CH* 

DHa^Ca, 

LXII 

CHt and CuBn 

Lxiy 


CH. 

R 


hydroquinone and phytol or the phytyl halides. Indeed, it is difficult at 
present to see how any other synthesis can posdbly compare favorably 
with the direct ^jmthesis, for the intermediates necessary, if phytol is not 
used, are Ihemsdves extremely complicated and difficult to prepare (117, 
120, 124) . The synth^is of relatively large amounts of silkylated quinones 
and hydroquinones was at first a formidable task, but these prepamtiQ3as 
have been studied in two laboratories (42, 81, 116) with the reailt that 
this phase of the tocopherol syntheses may now be regarded as solved. 
Good yid.ds of aliylated quinones and hydroquinones can be obtained 
from readily accesdble methylated phenols by means of efficient processes 
which do not involve very many steps- 
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T. CHEMICAL PROPBETIBS OP THE TOCOPHBROLS 

The chemical properties of these substances depend upon the presence 
of the phenolic hydroxyl group and upon the fact that they are essentially 
monoethers of hydroquinones. By acylation, esters are produced and a 
series of these esters has been prepared (19). Among the acids used are 
the simple fatty acids, such as acetic and propionic acids; dibasic acids, 
such as succinic acid; and one of the aromatic series, benzoic acid. Some 
of these esters are fully as active biologically as a-tocopherol, — ^indeed, the 
acetate appears to surpass a-tocopherol in biological activity. Although 
many esters have been prepared, all except the allophanate, the p-nitro- 
phenyhirethan, and the nitrobenzoates are oils. 

Aside from the reactions of the hydroxyl group, the chemical properties 
of the tocopherols center about the easy oxidation of these compounds. 
They show the properties of omdation inhibitors ( 102 ), and their activity 
in this respect increases in the order a-, and 7 -, that is, the antioadant 
activity is the reverse of the biological activity. The tocopherols are 
slowly attacked by oxygen, gradually darkenmg and acquiring a reddish 
color. They are also very sensitive to ultraviolet light (84). Not all 
specimens behave alike in thk respect, however, and traces of impurities 
apparently affect the rate of oxidation very much. As the oxidation 
proceeds, the biological activity diminishes. The oxidation of the toco- 
pherols is greatly retarded by the action of inhibitors such as hydroquinone 
or ascoibie acid, and is greatly accelerated when the exposed surface is 
increased,— i.e., when the tocopherols are chromatographed, or incor- 
pbrated into finely divided powders of any sort (53). The esters, however, 
are stable in air over long periods of time, even when the exposed surface is 
greatly increased. 

The oxidative degradation of the tocopherols, using permanganate or 
chromic acid, has already been discussed. When subjected to mild oxida- 
tion, however, no carbon is Icmt in the initial stages, and there results a 
series of compounds closely related to the tocopherols (36, 62, 64, 74, 78, 
90, 114). The end product of this type of oxidation, — ^which is shown by 
all 6 -hydroxychromans and 5-hydroxycoumarans so far investigated 
(114), — depends upon the oxidizing agent used., 

When the 2 >-hydroxychroman IV (R = hydrogen, alkyl, and, for 
a-tocopherol, CisHji— ) is oxidized by ferric cUoride (62, 64, 72), gold 
chloride (78), silver acetate (64, 68 ), silver sulfate (64) or, under certain 
circumstances by silver nitrate, the product is the yellow p-quinone X. 
This quinone can be reduced to the hydroquinone LXV and this, in turn, 
can be converted either to the quinone X or the ori^al chroman IV. 
When, however, the action of silver nitrate is prolonged (36, 62, 64, 78), 
or when nitric acid in ethanol is used as the oxidizing agent (49, 78, 114), 
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0H,CH=C(CH,), 


Lxvii ixvm 



LXIX I^xx 



XVIII 


LXXa 
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the reaction proceeds beyond the yellow p-quinone (X) stage and brilliant 
red solutions are obtained. From these solutions, red crystalline sub- 
stances can be obtained. These substances are o-quinone derivatives 
(LXVl), formed as the result of a curious reaction in which the substituent 
in the ^pcKS&tion of the original chroman IV has been eliminated (114). 
The red solids form phenazines and show other typical reactions of 
o-quinones. That it is the group in the 5-position that is eliminated in 
this reaction was shown by oxidation of the three substances LXvll, 
LXVIII, and LXIX, prepared by condensation of o-xylohydroquinone 
with isoprene. All three of these substances gave the same red crystalline 
oxidation product LXX; this is also the product when the chroman XVIII 
is oxidized in the same manner. The red oxidation product of 2, 4,6,7- 
tetramethyl-5-hydroxycoumaran (XVI) has also been isolated (112). 
This substance is likewise an o-quinone (LXXa), but it is a much more 
sentitive substance than the chroman LXX. This reaction appears to be 
given by all chromans and coumarans which have an hydroxyl group para 
to the bridge oxygen, and it can be concluded that if the heterocyclic 
compound can be oxidized readily to a quinone of the type illustrated by 
LXXI (vacant positions may be occupied by alkyl or substituted alkyl 
groups), a red o-quinone of the type LXX can be obtained, with elimina- 
tion of the group R*, when the group is any of those listed in the first 
column below: 



OBO'qPB WBICB GZVB BSD 
O-QTHNOBIB 

cnouFS wmcH do not oqcyb 

BSD O-QUIKOKBS 


— GHjCHjCHOHCH, 

-CHtCHtCOOH 


— CHaCHOHCH, 

— CHtCOCH, 


. — CH(C2H6)CH0HCH, 

--COCHsCOCH, 


— CH,CH,C(OH){CH*)* 

— CH 2 CI 

Y 

— CH(CH.)CHOHCH, 

— CH=C(COOH)COOCjH6 

6 

— CH2CH,C(0H)(CH8)R 

— GH| 

LXXI 

— CH,CH««CH* 

-G,H» 


When the group R* is any of those listed in the second column, no red 
o-quinone can be obtained (114). It was at first supposed that these red 
compounds had double the molecular weight required by the simple 
formulas (62, 64, 78), and this is true when camphor is used as the solvent. 
However, the molecular wei^t in benzene is normal (74). 

VI. METHODS OF ASSAT AND AHAliTSIS FOB TOCOFHEBOLS 

Besides the biological assay, already discussed, and the careful measure- 
ment of absorption spectra (137), there exist a number of chemical methods 
for assay of materisJs containing tocopherols. 
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Potentiometrie titration with, gold trichloride (73, 83, 84, 85) has proved 
to be of great value. Since carotenoids also react with gold chloride, 
these must either be absent or determined independently, although the 
amount of carotenoids is so small in most cases that the error introduced 
is very slight. The method does not distinguish between a- and )3-(or 
y-) tocopherols, but gives the sum of all the tocopherols. Since the bio- 
lo^cal activities of the tocopherols differ, this chemical method cannot be 
used to replace the bioassay, although there usually is a good agreement 
between this method and the bioassay. A number of natural oils have 
been analyzed by this method; the results are shown in table 1 (83). 


TABLE 1 

Tocopherol ootderU (a + /S) o/ oariove materuds 



COBTEm 

Unsapolufiable fraction from wheat-germ oil* 

per€9fU 

13.4 

Wheat-germ oil 

0.52 

Wheat germs 

0.0259 

XJnaaponifiable fraction from corn-germ oilf 

10.2 

Corn germs 

0.0164 

Unsaponihable fraction from lettuce | 

4.3 

Lettuce (dry) 

0.055 

TJnsaponifiable fraction from linseed oil 

2.34 

Lixkseed oil 

0.023 

Unsaponifiable fraction from olive oil 

0.935 

Olive oil 

0.008 

Unsaponifiable fraction from sesame oil 

0.63 

Sesame oil 

0.005 

TJnsaponifiable fraction from coconut oil 

0.55 

Coconut oil 

0,0027 



* Sterols partly removed; carotenoids less than 0.1 per cent, 
t Part of the sterols removed; no carotenoids present, 
t Most of the sterols removed; corrected for 0.3 per cent carotenoids. 


A second method of analysis involves the oxidation of the tocopherols 
with ferric chloride in ethanol; the ferrous ions so formed are ccmverted 
into a red complex by addition of ce,«^-dipyridyl, and the intensity of the 
color is measured (43). Besides a , a'-dipyridyl, or, a^-dipiperidyl or o-phe- 
nanthroHne may be used, but the first of these ^es the best strai^t-Iine 
relationship between color and concentration. Only 10 to 15 min. are 
required to detenuineO.1-0.4 mg. samples u^g the Zdss Folfiicii photom- 
eter with 1-cm. cell. In this method also, carotenoids interim and a 
correction factor must be applied if these are present, or they maist be 
removed by filtration of the benzene solution of the concentrate throng a 







316 


XiBB IRVIN BMJTB 


layer of floiidin. The method is more sensitive than the potentiometrlc 
titration for very small amounts of material, although the two methods 
check very well and both agree well with the figures obtained by bio- 
logical assay. 

A third method, also colorimetric, is based upon the red color which is 
formed when solutions of the tocopherols in ethanol are oxidized with 
nitric acid imder specified conditions (49). This method has the ad- 
vantage that carotenoids do not interfere, but the values obtained are 
frequently slightly high because of the red o-quinoid oxidation products 




Fig. 3. Absorption spectra. Curve 1, 2, 2, 5, 7, 8-i)entamethyl-6-hydroxychroman ; 
curve 2, a-tocopherol (Furter) ; curve 3, a-tocopherol, once distilled (impure) ; curve 
4, 'y-tdcopherol (impure?). 

Fig. 4. Absorption spectra. Curve 5, 2,3,4,d,7-pentamethyl-5-hydro3cycouma- 
ran; curve 6, 2,4,6,7-tetramethyl-5-hydroxycoumaran; curve 7, 2,4,6,7-tetra- 
methylcoumaran. 

often already present in the oils. The procedure is very convenient and 
rapid, and the limits of the method have recently been e:q}lored (134). 
The structure of the compound re^on^ble for the red color has also been 
determined (114). In %ures 3 and 4 are shown some curves obtained by 
this method; it is surprising how closely the curve for the simple ehroman 
(curve 1) follows that of «x-tocopherol (curve 2). It is apparent from the 
differences betwe^ curves 1 to 4 (chromans) and curves 5 to 6 (coumarans) 
tibat this method provides a rapid means of distinguishing between the 
two classes of ring structures, provided that the compounds are hydroxy- 
lated para to the oxygen atom of the heterocyclic ring (curve 7). 
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■Vitamin activity is usually very specific, and even slight changes in the 
structure of the vitamin molecule are sufficient to reduce the biological 
activity greatly or to remove it completely. Contrary to the usual ex- 
perience in this field, vitamin E activity is shown by a great number of 
compoimds widely different in nature, and only slightly related in structure 
tothetocopherols. Overonehundredand thirty individualcompoundshave 
been assayed biologically, and a complete list of these has recently be^ 
published (37). The list of substances examined includes chromans 
chromenes, coumarans, coumarins, coumarones, phenols, quinones, hydro- 
quinones, and their esters and ethers. Of the one hundred and thirty or more 
compounds tested, over forty show vitamin E activity. It is true that, 
with very few exceptions, none of th^e synthetic substances compares 
with the tocopherols in activity and many of them have to be fed at 
levels (50 to 100 mg.) approachmg the toxic in order to obtain positive 
results in the bioassays, yet these results do show quite definitely that 
vitamin E activity is quite widespread and is by no meairs confined to a 
single class of compounds. 

o-Tocopherol has been synthesized from trimethylhydroquinone and 
synthetic phy tol (87) ; tins product showed approximately the same activity 
as natural o-tocopherol. In all the tocoph^ol syntheses using phytyl 
derivatives, the product is racemic about the oe-caibon atom of the hetero- 
cyclic ring ; it is customary to refer to such a tocopherol as dl-a-tocopheroL 
This substance has been resolved via the bromocamphorsilfonates (79, 80), 
but the activity is unchanged. Hence symmetry or sisfynmietry about the 
o-carbon atom of the heterocyclic ring does not influence the activity of 
the tocopherol, nor does the optical state of any of the asymmetric carbon 
atoms in the ph 3 rtol side chain exert any effect, since the product from 
synthetic phytol was as active as the natural tocopherol (87 ; specially 86). 
In fact, it appears that natural tocopherol is racemic about all three 
siQnnmetric centers (86). Synthetic a-tocopherol and its acetate ate non- 
toxic, and very large doses (50 g. per kilogram of body weight to mice) 
have no ill effects (17). Nor do these substances have ar^ earehugenie 
properties (18). 

The homologs of ce-tocopherol in wMch the homology is due to changes 
in the benzene ring show a decreasing activity as methyl groups are 
removed, or as methyl groups are replaced by ethyl groups. Thus o(or 
(fi-y)-, to-, and p(or dl-iS)-xylotocopherols (LKXII, IjXXIU, LXX IV) are 
active when fed at 5- to 20-mg. levels (37, 54a, 76, 86) ; the ethyl hooudag 
LXXV is active when fed at 10- to 16-mg. levels (81, 8$). TIm 
eopherols (LXXVI) (isolated as a mixture; position the methyl group 
undetermined) are inactive at levels of 40 to 50 mg. (5^ TO); the 
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tocopherol with no methyl groups in the benzene ring is inactive in 50-mg. 
doses (54a), while 6-deso3iy-dI-ci!-toeopherol (LXXVII) is inactive in 
100-mg. doses (140). When the phytol side chain in a-tocopherol is 




LXXVIII 


•CiJHa— - CH,CSCHiCH,CHsCHCH^H,C!H,C®[C3H2CHr 

1 1 I 

C^Hs CS| C/Ms 

tCuHa— = C!H,CHCBM3Hi!H2CHCH,CH,- 

CT, CH, 

idiortened by one isoprene unit, the compound (LXXVIII) is inactive at 
tile 20-mg. level (82). From these results it follows that, starring with 
o-tocopherol (activity 3 mg.), any change in the groups in the benzene 
ring, or in the nature of the long aliphatic side chain, reduces very much 
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the activity of the compound. Further, the hydroxyl group para to the 
bridge ojgrgen is necessary for any activity, although it can be masked as 
any one of several carhoxylic esters witihout reducing the activity appre- 
ciably (19). This hydro^grl group cannot be masked as the allophanate, 
or as an ether, without complete loss of activity. 

Turning to the simpler compounds, chromans represented by LX^TX 


\/\/ 

Lxxrx 


\/\J 

liXXXII 


* 

LXXX . 

xA/ 

LXXXIII 

CH, 

LXXXV 


(YY 

LXXXI 

CH,^ 

CH« 

LXXXIV 


iOOR 


are active when the groups R are hydrogen (140), ethyl (37), or n-butyl 
(37), but inactive when the groups R are methyl or »-propyl (37). Tlds 
alternation in activity with groups containing even and odd numbers (tf 
carbon atoms is very curious and it would be interesting to extend the 
series further. Of the other chromans with the 6-position vacant, 2,2,3- 
trimethyl- (37), 2-methyl-4-ethyl- (37), and 2,2,6,7-tetramethyl- (37) 
chromans are inactive, whole 2,5,7,8^tramethylchroman (140) is active. 
A number of chromans with the hydroxyl group in position 6 (LXXX) 
have been examined. These include 2,5,7,8-tetramethyl- (67, 82, 140), 
2,2,5,7,8-pentamethyl- (37), 2,3,5,7,8-peatamethyl- (67), 2,5,7,34et- 
ramethyl-2-dodecyl- (60), and 2,5,7,8-tetramethyI-2-isohexyl- (37) -6-hy- 
droxychromans, ah inactive except the 2,2,5,7,8-pentamethyl compound, 
which in one test out of three showed a faint acrivity at the level of 100 
mg. (37). The other S-hydroxychromans studied are all closely related to 
the tocopherols, and the bioassays of these compounds are discussed in 
the preceding paragraph. Three chromenes (LXXXI) have been ex- 
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Euuiaed (37), — those in which the groups R are methyl, ethyl, and n-butyl. 
All are inactive. Of the six coumarin derivatives examined (37) , coumarin 
(LXXXII) and dihydrocoumarin (LXXXIII) are inactive; indeed, the 
former is toxic at the level fed (100 mg.). The dihydrocoumarin 
LXXXIV, which has the same substituents in the benzene ring as a-toco- 
pherol, is inactive. Likewise mactive are the substituted coumarins 
LXXXV when R is hydrogen or isoamyl, but, astonishingly, when R is 
ethyl the coumarin LXXXV shows a very high activity, — ^being effective 
in doses of 20 mg. This compound LXXXV, R = CaHs, is the most 
active compound known outside of the tocopherols themselves; the activity 
exceeds that of tdutocopherol (LXXVI) and is comparable to that of the 
sylotocopherols (LXXII, LXXIII, and LXXTV). This high activity of 
a compound quite different in structure from the tocopherols is very mys- 
terious, and it becomes all the more inexplicable in view of the inactivity 
of the two closely related substances obtained when the ethyl group (R) 
in IXXXV is replaced by hydrogen or isoamyl. 

Several compounds with the heterocyclic ring consistmg of five instead 
of six atoms have been examined. These are for the most part coumarans 
(LXXXVT), although one coumarcme (LXXXVII) has been studied and 
it is inactive (37). Of the coumarans, the unsubstituted molecule 
(LXXXVI) is inactive (140). 2-Methylcoumaran showed great activity 



2 

CH, 

"hCH, 


OH 


3 

"V 

/ 

CH2CH==CHa 

LXXXVI 

LXXXVII 

IXXXVIII 

Aoh 


jpH 

r 

]pH 

H=C5HGH, 

!cH,CH,C(n-C|H,)j 


)cH=CHC(CsH6), 

LXXXIX 


in 

XC 


in 

XCI 


at a level of 50 mg. in one of four assays; the other three assays (25, 50, 
and 100 mg.) were negative (37). 2,2,7-Trimethylcoumaran was also 
active (37), as was 2,3,4,6,7-pentamethyl-5-hydro^coiunaran (37), 
while 3-methyl- (37), 2,4,6,7-tetramethyl- (37), 2,4,6,7-tetramethyl-5- 
hydroxy (37, 140), and 4,6,7-trimethyl-2-»-heptadecyl-5-hydro^- (9) 
coumarans were all inactive. 

Some phenols— mostly contahung allylic groups— have been studied 
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(37), ^ee these are possible intermediates in the syntheses of fthr^TwnnB 
and coumarans from allylic compounds. o-AUylphenol (LXXXVIII) is 
inactive in 25-mg. doses, but active when the dose is 50 n^. o-Propenyl- 
phenol (LXXXIX) is inactive. A di-o-hexenylphenol (mixture of isomers) 
is active, as is p-amino-o-allylphenol. All the other phenols tested are 
inactive; these included o-ot-methylallyl-, o-hexenyl-, 2,3,5-trimethyl-6- 
aUyl-, p-capiyl-, p-ierf-octyl-, c-allyl-jj-carboxy-, o-allyl-p-carbethoxy-, and 
two more complicated phenols (XC and XCI). 

By far the most extensively investigated compounds, however, are the 
quinon^ and hydroquinones, together with esters and ethers of the latter. 
These compounds were examined in some detail, because early in the work 
on the structure of vitamin E there was some evidence which indicated that 
posmbly the vitamin might be a monoether of a methylated hydroquinone. 
With one exception, the p-quinones studied are all inactive. 'Ib.ese include 
duroquinone (36, 65), tetraetihylquinone (toxic) (37), thymoquinone (toxic) 
(37), tiimethylethylquinone (37), 1,4-naphthoquinone (140), 1,2-naph- 
thoquinone (toxic) (37), 2, 3-dimethyl-l ,4-naphthoquinone (37, 140), 
2-methyl-l ,4-naphthoquinone (37), 2-hydroxy-l ,4-naphthoquinone (37), 
2-met^xy-l ,4-naphthoquinone (37), anthiaquinone (37), and jS-methyl- 
anthiaquinone (37). The one exception to the inactive 2 >-quinones is 
o-tocopherylquinone (X), obtained by mild oxidation of o-tocopherol, and 
the results of different workers who have tested this substance do not 
agree. It has been reported active once (35), but three other assays were 
native (62, 140). The red o-quinone oxidation product of <e-tocopherol 
(LXVl; = GHg, R = CuHn) is inactive in doses of 3 and 6 mg., but 
active in doses of 12 mg. (37). 

Of the hydroquinones examined, the unsubstituted hydroquinone is 
inactive (36), as is m-^lohydroquinone (37, 1^), but o-xylohydioquinone 
is active (139), while p-:^lohydroquinone is insuitive in 60-mg. do8» (37) 
but active in lOO-m®. doses (140). Trimethylhydroquinone has been re- 
ported as inactive (100 mg.) (37) and also active at this same level (140). 
Durohydroquinone is active (65, 68), while trimethylethylhydroquinone 
and trimethylrS^cetohydroqumone are inactive (138, 140). The only 
naphtbohydroqumone tested is 2,3-dimethyl-5,6,7,8-tetral^dro-l,4- 
naphthohydroquinone; this compound exhibits good activity (ISS), as 
does its mono-n-dodecyl etiier (65). 

Table 2 shows the results obtained with a series df esters and ethers oS 
trimethylhydroquinone. 

Table 3 shows the results obtained with a series of eetesrs <md ethers itf 
tetramethylhydroquinone (durohydroquinone). 

Three simple phenol ethers, — ^phenylhexenyl ether, piieayiCTratm^ 
ether, and p-carboxyphenylal!yI ether, — have be^ examined (37); all soe 



322 


LEE IBYIK SUTTH 


inactive. A ketone, 4-(2,5-dimetlioxy-3,4,6-trimethylphenyl)-2-buta- 
none, is likewise inactive (37). Finally, phytol, alone or in combination 
with trimethylhydroquinone, shows no activity (37) ; hence, even though 


TABLE 2 

Ethers and esters of trimethylhydroquinone 


1>1!BIVATIVB 

AcnmT 

BEFVBXNCa 

Monobenzoate 

+ 


Bis-iS-iodopropionate 

— 


Mono-n-hexyl ether 

+ 


Mono-7i-dodecyl ether 

+ 

(139) 

Mono-n-dodecyl ether acetate 

+ 

(139) 

Monodihydrochaulmoogryl ether 

+ 

(139) 

Di-«-dodecyl ether 

— 

(139) 


TABLE 3 

Ethers and esters of tetramethylhydroquinone 


DKBIVAHVI 1 

ACTIVITT 

BSFBBXNCB 

Mono-^-butyl ether 

+ 

(139) 

Di-n-butyl ether 

+ 

(139) 

Mono-n-hexyl ether 

+ 

(139) 

Di-n-hexyl ether 

+ 

(139) 

Mono-ji-heptyl ether 

— 

(139) 

Di-?i-heptyl ether 

+ 

(139) 

Mono-n-octyl ether 

+ 

(139) 

Di-n-octyl ether 

+ 

(139) 

Monocetyl ether 

+ (twice); — (once) 

(36, 46) 

Monododecyl ether propionate 

— 

(139) 

Monododecyl ether palmitate 


(139) 

Monododecyl ether 

+ 

(36, 46, 139) 

Didodecyl ether 

— 

(139) 

Monohydrophytyl ether 

+ 

(139) 

Mono-7i-octadecyl ether 

— 

(36, 46) 

Mono-n-nonadecyl-2 ether 


(36, 46) 

Mono-2-methyloctadecyl ether 

— 

(36, 46) 

Mono-n-nonadecyl ether 


(140) 

Di-TC-nonadecyl ether 

— 

(140) 

Mono-3-methyl-5-(l', 1', S'-trimethyl- 



2'-cyclohexyl)pentyl-l ether 

— 

(140) 

Monodihydrochaulmoogryl ether 

+ 

(139) 

Monobenzyl ether 

+ 

(139) 

Dibenzyl ether 

+ 

(139) 


the synthesis of a-tocopherol from these compounds in the laboratory is 
surprisingly easy, the synthesis does not occur in vivo, at least when the 
substances are fed. 
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From the results of the bioassayB presented here, it is clear that many 
compounds exhibit some vitamin E activity, and there are one or two 
toly simple compounds which show considerable activity. These results, 
imta recently at variance with all other results in the vitamin field, appear 
now to be paralleled in the field of the K vitamins, where a numl^r of 
substances aside from the vitamins themselves possess great potency. 
Notable among these are certain l,4rnaphthoquiaon^, e^eciaUy 
2-methyl-l ,4-naphthoqumone. None of these naphthoquinones possesses 
any vitamin E activity, but the methylnaphthoquinone has about as 
much antihemorrhagic activity as vitamin Ei itself. 

There is no adequate theory at present to accoimt for vitamin E activity 
in terms of organic structure. One theory has been advanced (37, 62, 67) 
independently from two laboratories, but there remain objections to the 
theory which will have to be overcome before it can be accepted (37, 62, 
67, 71). 


Vm. USES AND niPOBTANCB 07 VTTAUIN B 

Vitamin E appears to be a most promising substance to be used in the 
treatment of habitual abortion in women, and for similar use in the 
veterinary field. Some rather startling successes have been reported when 
the vitamin has been used in these cases. There is good evidence also 
that the yoimg of both sexes need vitamin E for normal growth, and that 
there is some connection between the amoimt of vitamin E and the func- 
tioning of the th3rroid gland as well as that of the hypophysis. That 
muscular dystrophy can result from a lack of vitamin E appears to be well 
established (106). The writer is not competent to discuss this fidd, and 
since reviews covering the use of vitamin E in medicine have recently been 
published (6, 23, 50, 59, 61, 69, 70, 93, 94, 135; e^ecially 50, 61) only 

the most general statements have been made here. Most of the studies 
so far have been carried out using wheat-germ oil concentrates, but now 
that the synthetic vitamin is available in pme form, a standard prepara- 
tion of known potency is avmlable and it is to be hoped that the clinical 
work will proceed rapidly so that the usefulness, as well as the limits, of 
vitamin E therapy may soon be known. 

IX. VTTAMnT K 

Before cloring this review, a word about vitamin K may not be out of 
place, for this vitamin is unique in that it is the first of all the vi tamins 
whose chemistry has been aided and simplified by the chemical knowledge 
gained in the study of any other vitamin. Until the recent work on the 
structure and synth^iis of vitamins E and K, no vitamin had ev^ been 
found which was in any way related chemically to any other vitannin, — 
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each vitamin bdonged to an entirely different class of chemical compounds; 
indeed, vitamins A and D might almost be said to have represented, at 
the time they were isolated, new classes of organic compounds. Vitamins 
E and K, however, are closely related in their chemistry, and the knowledge 
and experience gained in studying one of these vitamins has been of great 
value in the study of the other. There are two K vitamins, Kx (XCII) 
and Ka, both of which show a powerful antihemorrhagic activity, although 
Ki surpasses K® in this respect {16a). 


0 



O 

XCIV XCIII 


Vitamin Ki has been synthesized in two laboratories (12, 47, 48)* How- 
ever, the methods used for the synthesis of vitamin E had to be modified 
considerably in order to avoid ring closures which would lead to compounds 
of the tocopherol type. The yield of vitamin Ki from phytol and 2-methyl- 
naphthohydroquinone was good (132) ; very little of the naphthotocopherol 
(XCIV) was produced, but relatively large amounts of a by-product, 
probably XCIII, resulted (132). Unfortunately it has not been found 
posable to convert compounds of the tocopherol types into compounds of 
the vitamin K types, although the reverse transformation has been realized 
in the transformation of vitamin Ki (XCII) into the naphthotocopherol 
XCIV (48a). Vitamins E and K also have in common the fact that the 
i^>ecificity is not limited to the vitamins themselves,— indeed, 2-methyl- 
1, 4-naphthoquinone appears to be much more active than vitamin K 
(16a). Curiously enough, no compounds have been found so far which 
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show both Mnds of activity: if a substance exhibits vitamin E activity, it 
does not show any vitamin K activity, and vice versa (but in this con- 
nection, see references 16a, 54a, 91a). 
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Notes added to proofs September i4f 1940 

1. Earrer and Geiger (Helv. Chim. Acta 23, 455 (1940)) have published 
a very careful study of the yellow a-tocopherylquinone (X). The quinone 
was prepared by oxidation of tocopherol using three different reagents: 
(g) gold trichloride, (6) ferric chloride, and (c) silver nitrate. The quinone 
prepared by method a contained no reducing substances. It was a golden- 
yellow oil which gave a very good absorption spectrum curve, and the 
authors believe it to be ‘‘the only homogeneous preparation of this quinone 
described in the literature.’^ The quinone prepared by method b con- 
tained considerable oc-tocopherol or other reducible substance. After 
6 hr. contact with the reagent, 11.6 per cent of a-tocopherol was still pres- 
ent, and after 36 hr., 7 per cent. (Analytical values were obtained by 
potentiometric titration, as well as by the method of Ehnmerie and Engel). 
This product was again subjected to the action of ferric chloride, and the 
second treatment led to a product showing no reducing properties. It is 
interesting that the reducing substance cannot be completely removed by 
one treatment with ferric chloride, no matter how prolonged. The prod- 
uct obtained by method c contained a-tocopherol, the yellow quinone X, 
and the red o-quinone. The products obtained by methods a and b were 
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tested biologically at levels of 10 and 25 mg. Absolutely no activity was 
shown; hence it is unlikely that a-tocopherol owes its activity directly to 
any oxidation-reduction system in the body. 

2 . Karrer, Jaeger, and Keller (Helv. Chim. Acta 23, 464 (1940)) have 
determined the tocopherol content of certain ftniTna .1 oi^ans. The liver 
(horse, cattle) shows the hipest content of tocopherol, but the vitamin is 
present also in the muscle, heart, and kidney. 

3. Karrer and Yap (Helv. Chim. Acta 23, 581 (1940)) have prepared 
the chroman IV, in which R = isoamyl, — ^that is, the substance which 
contains two “isopr^e units” less than o-tocopherol in the side chain. 
This substance shows no bio-activity at a level of 40 mg. 

4. Tishler, Fiesmr, and Wandler (reference 132, pa^ 1984, footnote 
6 a) report that the naphthotocopherol XCIY shows vitamin E activity 
at the 25-mg. levd and that this compound also possesses moderate vitamin 
K activity (between 300 and 600 7 ). This is the first instance of any 
compound combining the biolo^cal actions of two vitamins. 
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I. INTRODUCTION 

During the jSfty-odd years which have passed since the inception of 
Ejeldahl’s (S7) method for determining organic nitrogen, considerable 
progress has been made- That this is true is borne out by the amount of 
literature on the subject- 

Originally, the method was designed for the brewing industry as an aid 
in following protein changes in grain during germination and fermentation. 
Its use soon became widespread and can now be n^arded as an important 
tool of analytical chemistry. Fundamentally, it is a wet oxidation em- 
ploying concentrated sulfuric acid as a digestion medium, and resulting in 
the formation of ammonium sulfate which is subsequently distilled with an 
excess of alkali. The ammonia thus formed is determined by any one of 
several available methods. 

Prior to Kjeldahl’s method, however, concentrated sulfuric add had been 
used for preliminary treatment of organic material before completing the 
determination of nitrogen by the now obsolete Will-Varrentrapp method. 
Wanklyn (140) had used alkaline permanganate for the determinatimi of 
protein nitrogen, and Kjeldahl, following aloi^ this line, concluded that 
the formation of ammonia would take place more easily in an add medium. 
Experimental evidence showed this to be the ease, and that tire use of con- 
centrated sulfuric acid was necessary. 

Many improvements and modifications of the method followed, after its 
value was established. Primarily devised for the deteiininatimi of protdn 
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mtrogen, the method has been extended to include the determination of 
various other forms of nitrogen. 

From the abundance of available data, any attempt at correlation must 
be made through the medium of classification, and in the following data, 
the component parts of the Ejeldahl method will be discussed under their 
respective headings. 


n. DIGBSTIOK MBDIi. 

In Ejeldahl’s ori^nal method, sulAiric acid alone was used as a digestion 
medium. The principal objections to this procedure were the length of 
time for digestion, and the necessity of using a small sample in order not 
to prolong the digestion. To increase the severity of the reaction and re- 
duce the digestion time, Gunning (48) in 1899 proposed the use of potassium 
sulfate as a means of raising the boiling point of the digestion mixture. 
This procedure is standard practice. However, one fact should be borne 
in mind, — ^namely, that when the composition of the residue approaches 
that of the acid sulfate, the tendency is to lose ammonia. The residue in 
the flask after dig^on should not solidify on cooling. 

P. A. W. Self (119) stated that ammonia is almost completely volatile 
rmder these conditions, and, further, that if 25 cc. of sulfuric acid and 10 
g. of potassium sulfate are used in the digestion, at least 15 g. of sulfuric 
acid ^ould remain in the flask, approximately 6.7 g. of acid being con- 
sumed to form the acid sulfate. This loss of ammonia was confirmed by 
Carpiaux (14). Prolonged boiling and too rapid distillation of acid should 
be avoided. It may sometimes be necessary to stop the digestion in order 
to add more acid. 

The amount of acid necessary to digest 1 g. of orgamc matter varies, of 
course, with the type of material under examination. It has been found 
(119) by experiment that 1 g. of carbohydrate requires approximately 7.3 
g. of sulfuric acid for complete oxidation, 1 g. of protein requires 9.0 g., 
and 1 g. of fat 17.8 g. of sulfuric acid. 

The use of sodium sulfate as a substitute for potassium sulfate has been 
suggested and reported upon from time to time. Lattiiaw (62) made a 
comparison of the two, and ^wed that when an eqmvalent amount of 
sodium sulfate was used, no difference in results was noticed. On the 
other hand, Brill and Anatoli (12) w^ unsuccessful in their attempt to 
substitute one for the other. Various other workers (4, 25, 78, 97, 136), 
however, have reported favorably upon its use. 

An investigation of the EJddahl method by Phelps (98) showed that the 
proportion of either sulfate to sulfuric acid must be ear^uUy regulated in 
mder not to cause volatilization of ammonia, and, with hi ghly refractoiy 
eumpoimds, the use of sodium sulfate is not recommended unless the 
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conditions can be very closely controlled. Later work by Daudt (21) 
confirmed the fact that the acid-sulfate ratio was important. A com- 
parison of lithium, sodium, and potassium sulfates (68) showed that the 
potai^um salt was most effective. 

The effect of sodium psrrophosphate in the determination of nitrogen 
in gelatin has been investigated (8), and this salt has been shown to be less 
e£Scient than potassium sulfate. The substitution of most of the potassium 
or sodium sulfate (ten-sixteenths) by dibasic potastium phosphate 
(KjHPO*) (40) ^ortened contiderably ^e digestion time of sample con- 
taining protein nitrogen. Low results, however, were obtained 'vtiien all 
the alkali sulfate was replaced by the phosphate. 

Phosphoric acid (33, 34, 35, 66, 67, 110, 126, 145) in combination with 
sulfuric add has also been used as a digestion medium in both macro and 
micro Kjeldahl methods. Sapid digestions are possible, and such com- 
binations are sometimes helpful where complete digestion by ordinary 
methods is impossible. 

The clearing of the digestion mixture is not necessarily an indication that 
aE the nitrogen has been converted to ammonia. The possibility of the 
formation of amines has been invest^ted. VEliers and Moreau-Talon 
(139) stated that too energetic oxidizing ^ents, under the influmioe 
temperature, concentration, and time of heating, promote the formatirm 
oS amines. Gcortner and Hoffman (44) found that approximately 7 pes 
cent of the distillate from a Kjeldahl-Gunning digestion could be amine 
nitrogen, and idso that magnesium, calcium, strontium, and barium salts 
influenced the amount of amines formed. 

Many workers have recommended an aftar-bdl rangbg from 0.5 to 
3 hr., in special cases even longer than this. Zn contradiction to tins, it 
has been tiiown (5) that in the case of nee or wheat flour, oatmeal, and 
bone meal, it is not necessary to continue digestion after thesolutimi has 
cleared. Gn the other hand, the period of after-hoil in (tetamining nitro- 
gen in coal varies from 18 min. to 235 hr. An investigation by Ckoatiey 
(19) into the rdative merits of mercuric oxide and selenium as digestion 
catalsrsts brou^t out the fact tiiat a definite miniTniim time of aftm4>oil 
mis necessary. ' 


m. oxmiziNa agents 

Beardless of the fact that sulfuric acid is a strong ox hi iawng metfium, 
it is often necessary to increase the severity of the leaetioa. Two Enb- 
stances that have merited a great deal of attentimi are potasEinm • 
maa^anate and hydrogen peroxide. 

Erom the evid^ce preseaited ly various authors, the soitahBi^ ol.per - 1 
manffiinate is questionable. S^tied and Wd denb a np t (121) have^aled i 
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that if the permanganate is added in small amounts to the digestion mix- 
ture and then broir^t to a boil, there is no danger of loss of ammonia. 
With certain substances, it is essential to boil after each addition. Oxida- 
tion is complete if there is no decolorization after boiling for 3 min. In 
the determination of nitrogen in coal, Fieldner and Taylor (31) reported 
no loss of ammonia, and that no modification for nitrates or nitro com- 
pounds -was necessary. Cochrane (16, 17) also foimd that lower results 
were obtained without the use of permanganate. In the analysis of soil 
and grass, Ashton (4) found that the addition of 5 g. of permanganate 
after the clearing ctf the digestion mixture gave good results with soils, 
but low results with grass. 

On the other hand, Frear, Thomas, and Edmiston (38) found a loss of 
nitrogen to occur if permanganate is added immediatdy after the source of 
heat is removed, but if the temperature is allowed to fall lOO^F. (in approxi- 
mately 2 min.), no loss of nitrogen is observed if the permanganate is added 
at this time. 

Phelps (99), Paul and Berry (97), and Beet (6) stated that permanganate 
^ves low results or that it is unnecessary. Its use has been discontinued, 
owii^ to the nmcertalnlies involved. 

Hydrogen peroxide has been used for both macro and micro digestions. 
The reaction is more or less violent and needs to be handled carefully. 
The conditions under which the peroxide is added vary somewhat. Elee- 
man (58) andHeuss (51) treated thesamplewith25cc. of hydrogen peroxide 
and added 40 cc. of concentrated sulfuric acid. Koch and McMeekin 
(60) reported that the addition oS 30 per cent peroxide to concentrated 
acid causes a very rapid oxidation with complete retention of nitrogen as 
ammonia. A 20-min. heating with sulfuric acid and 5 per cent of acid 
containing sulfur trioxide was recommended by Saccardi (112), after which 
peroxide to the amount of 10 per cent of the sulfuric acid is added. Prov- 
vedi (105) noted that digestion took place in 45 min., but attributed the 
activity of the hydit^en peroxide to other agents reacting with the sulfur 
dioxide produced by the reduction of the sulfuric acid. 

The fact that no loss of nitrogenhas been reported with the use of peroxide 
makes its use acceptable as an oxidizing agent, albeit a very active one. 

Bri^ mention should be made of perchloric acid. Parker and Terrill 
(95) have used perchloric acid successfully in the Kjeldahl determination 
of nitrogen in leather, and Hears and Hussey (75) have reported that it 
aids digestion, decolorization taking pla.ce in a very short time. 

On the other hsmd, LeToumeur-Hugon and Chambionnot (64) stated 
that while perchloric acid appreciably shortens d^estion time, all methods 
of usdi^ it are not suitable. They recommended addition of the acid, a 
few drops at a time, during boiling, whereby complete decolonization is 
effected in a few minutes. 
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IV. CATALYSTS 

T1i 6 scsiTcli for C3it&l3rsts to produce s furth.er incresse in the velocity 
of the reaction has led experimenters through a large part of the Periodic 
System. 

One of the earliest catalysts was platinic chloride, used by Ulsch (137) 
in 1886, who reported that it was satisfactory except when excessive 
amounts were used. Anderson (2) found that a loss of nitrogen occurred 
when platinic chloride was used as a catalyst in the determination of 
nitrogen in urine, milk treated with pepsin or trypsin, old albumin solutions, 
or hydrolyzed casein, but not in determinations with milk, serum, or 
fresh albumin solutions. He su^ested that this loss might be due to the 
combination of the chlorine set free with the amino groups, and that this 
combination cannot take place with nitrogen in peptide combinations. 
He also found that nitrogen compoimds containing chlorine could be ac- 
curately determined. 

A catalyst which has been used since the begmnmgof theKjeldahl method 
is mercury, either in the form of the metal, oxide, iodide, or sulfate, or in 
combination with various other compounds. From the point of view of 
speed, it is one of the most efficient catalysts. In 1886 Wilfarth (142) 
reported on a number of compounds used as digestion catalysts. He 
found that, while mercuric oxide was fast and effective, its tendency was 
to hold back the ammonia upon distillation. This is, of course, to be 
expected, since mercury forms complexes with ammonia. It is necessary, 
therefore, to convert the mercury to some compound that will cause no 
interference. This is accomplMied by the use of alkali sulfide (22, 142), 
sodium thiosulfate (22, 104), monosodium phosphate, and potassium 
xanthate (90). Even potassium arsenate (55) has been used. Of these 
compoimds, probably potassium sulfide (or sodium sulfilde) and sodium 
thiosulfate are the most common. Of the other compounds studied by 
Wilfarth, the copper oxide was stated to be less efficient than mercury, 
while ferric oxide, bismuth trioxide, stannic oxide, lead dioxide, and 
PbaOi were not recommended, 

Phelps and Daudt (100) (1919), studying the determination of nitro- 
gen in refractory organic compounds, reported that mercuric oxide was 
superior to cupric sulfate, but that alum, nickel sulfate, izinc dbloride^ 
manganous chloride, mangan^e dioxide, and tungstic, molybdic, titanic, 
and vanadic acids could not be recommended. 

The use of mercurous iodide has been su^ested by Sboarowsky and 
Sborowsky (116). They claimed that carbonaceous material is oxidiaed 
much more readily than if mercury alone is used as the catalyst. This 
was confirmed by Sichards (109), who med it in the KJdidahl digestion of 
leather and coal. 

In refutation of the statement of Sborowsky and Sborowa^, Hass% 
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(50) stated that the digestion is not hastened by the use of mercurous 
iodide, and that there is the disadvantage of the sublimation of the iodide 
in the neck of tiie flask. 

Copper, alone, or as the oxide or sulfate, is another example of a catalyst 
universally accepted for the Kjeldahl determination. The efficiency 
claimed for it is less than that of mercury, hence it is necessary to increase 
tile digestion time. The efficiency of copper sulfate, mercuric oxide, and 
potasrium sulfate in sulfuric acid as a digestion mixture was confirmed 
by Trescott (135) and was recommended for adoption as an official method 
by the Association of Official Agricultural Chenusts. 

Arnold and Widemeyer (3), in 1892, reported that the use of a mixture 
of copper sulfate and mercuric oxide shortened the digestion time, and later 
Breffig and Brown (11) (1903) claimed that the mixed catal 3 rst was more 
efficient than either one used alone. Powdered copper (56), also, has been 
used, but it seems reasonable to assume that there is no particular ad- 
vantage to be gained over copper sulfate, since this compound is formed 
on addition of the copper to the sulfuric acid. There is also the distinct 
(fisadvantage of having to prepare the pure copper. 

A more recent catalyst is selenium, used as such, or in the form of the 
dioxide (SeOj) or the oxychloride (SeOCy, and either alone or in combina- 
tion with various other catalysts. 

First mention of selenium was made by Lauro (63), who used both 
selemum and selenium oxychloride as catalysts in the determination of 
nitrogen in flour. Bach (108) reported on the use of selenium oxychloride 
in combination with copper in the determination of total protein, and 
stated that it reduced the total time of the analysis by at least half ah 
hoxir, as compared with copper alone. 

A series of determinations made on a hi^-protein flour and on ground 
bran by Sandstedt (114), using (1) copper and mercuric oxide and (£) 
copper and selenium, showed that digestion was complete in 45 min, xdth 
copper and selemum and in 1 hr. with copper and mercuric oxide. This 
author stated that there appears to be greater danger of losing nitrogen 
by extremely loi^ digestion with selenium than with other catidysts. An 
added advantage of selenium is that it is unnecessary to add a precipitant 
before distiHing. 

Comparative expmiments by Crossley (19) with selenium and with 
mercuric oxide showed that the time of digestion was appreciably tiiort- 
ened. Messman (78), Tennant, Harrell, and StuU (133), and Belov and 
Bakhomova (7) al»> confirmed the efficiency of selenium. 

Ctehom and Erasnitz (93) stated that wlffie selenium, or selenium oxy- 
chtoride, may clmm a ^fi^t advantage over copper sulfate, there is no 
advantage over mercuric oxide. The combination of selenium with 
mszcuric oxide b more efficient than mther alone. They recommended 
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tile use of elemental selenium rather than the oxychloride. Further com- 
parisons were made by these authors on a wide variely of substances to 
determine the relative catalytic speeds of selenium, mercuric oxide, 
selenium and mercuric oxide, and selenium and copper sulfate. Selenium 
and mercuric oxide was found to be 25 per cent faster than mercuric 
oxide; selenium alone, and selenium and copper sulfate were less efiective 
than mercuric oxide. Extending the digestion period increases the dat^r 
of loss of nitrogen in the following order: mercuric oxide, selenium, and 
selenimn and mercuric oxide. They stated that this loss can be obviated 
by the addition of larger quantities of sulfuric acid. 

The catalytic action of red mercuric oxide, selenium, selenium dicmde- 
copper, and selenium oxychloride in tire determination of protem in wheat 
was discussed by Snider and Coleman (127), vdto found that whmi from 
75 to 250 mg. of selenium are substituted for 0.5 g. of mercuric oxide, low 
vtJues for nitrogen are obtained in the evaluation of the crude protdn 
content of wheat, and, further, that a combination of 0.3 g. of selenium 
dioxide and 0.05 g. of copper in place of 0.5 g. of mercuric oxide reduced 
the time of determination by about 15 to 20 per cent. Qoswami and 
Bay (45) used selenium and ydlow mercuric oxide as a catalyst for the 
digestion of milk, whey, lymph, and protdn-contmning substances, and 
reported a substantial reduction in time, as compared with other catalysts. 
Selenium oxychloride (0.2 cc.) showed no advantage over mercuric oxide. 
A combination of 0.1 g. nickel and 0.1 g. selenium, while indudng a rapid 
clearing of the digestion mixture, gave low protrin detenninatmns. 

It has been sui^ested by Illarionov and Soloveva (53) that the catalytic 
effect of sdenium and tellurium is due to the formation of HjSeO* and 
HtTeOs in the hot sulfuric acid, and that these acids act as carnets ol 
o:^]^. The catalytic effect is proportional to the quantity of sel^mim 
or tellurhun used. In a recent paper, Sreenivasan and Sadativan (130) 
^owed that the efficiency of selenium as a catalyst was greatly increased 
by the addition of mercuric oxide. They expMaed this in the fdlowing 
manner: The catal 3 rtic action of selenium in the presence d mercuric 
oxide depends upon the reaction 

selenium — > sdenimis acid ^ selenic add 

As long as oxidizable material is present, the ration proceeds to the 
and goes to completion when all organic matter has been oxidi s e d. Sde- 
niiiTin alone proceeds acctuding to the fdlowiiig reaction: 

sdmmun ^ selenioos acid 

Sin(% the f^peed of the reaction in diher directum Ehoim no pronomieed 
difference, the effidenty as a catalyst is much lees than with merairie 
oxide. 
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In a comparison of ferrous sulfate-selenium (9) and copper sulfate- 
sdenium, it was found that the former po^essed a slight advantage. 

Davis and Wise (23)^ have stated that selenium does not appear to be 
as universally adaptable to general laboratory conditions as mercury, 
and that its use in combination with catalysts, especially mercury, is to 
be discoursed- 

Copper selenite dihydrate as a sin^e catalyst has been used by Schwoeg- 
ler, Babler, and Hurd (118), who found that the digestion time was con- 
sid^bly reduced. 

Many other authors have presented definite evidence that selenium 
alone, or in combination, is an effective catalyst. 

The preceding statements do not by any means cover the field of cata- 
lysts. This is extensive, and in many instances the catalysts mentioned 
ex^ a specific action. Brief mention will be made of a few. 

The use of vanadium pentomde as a catalyst was recommended by 
Oefele (92), who regarded it as an oxygen-carrier. Marino and GoneUi 
(74) reported that it shortened digestion time. In the Kjeldahl digestion 
of flom, Parri (96) found that the digestion time was considerably reduced 
when a mixture of 0.1 g. of vanadium pentoxide and 0.6 g. of cupric oxide 
was used as a catalyst. With either catalyst alone, the time was 6 hr., 
but a mixture of the catalysts required only 2.2 hr. for clearing. The addi- 
tion of oxides of vanadium, nickel, and antimony as catalysts in the anal- 
ysis of piperidine by Brill and Agcaoli (12) was found to be unsatisfactory. 
The work of Mai^osches and Lang (69) showed vanadium to be of doubt- 
ful efficient. Tbese same authors used tungsten (WOj) and copper 
oxide, also ceric oxide, as catalysts with fairly satisfactory results. 

Metallic cadmium was reported by Saiko^Pittner (113) to be a very 
satisfactory catalyst for pyramidon. 

Dakin (^) first used potassium persulfate, H 2 S 3 O 8 , which, by its de- 
composition, increases the effect of the sulfuric acid. The following year 
Milbauer (80) confirmed this, and years later, botii Pittarelli (101) and 
Wong (147) reported on its efficimicy. 

Manganese dioxide (132) and potassium i>erchlorate (39) have been 
used, the latter giving satMactory results m the digestion of leather. 

In a survey made on the comparative digestion times of (1) cupric 
sulfate, {S) mercuric oxide, (6) cupric sulfate, mercuric oxide, and sele- 
nium, and (4) cupric sulfate, mercuric oxide, selenium, and hydrogen 
p^side, Poe and Nalder (102) found that the addition of peroxide appre- 
ciabfy decreased the time of clearing. A comparison of several catalysts 
(89) used in the digestion of oil-cake samples diowed mercuric oxide to be 

^ Beport of the Sub-Committee on Selenium as a Ejeldahl Catalyst in the Cereal 
laboratory. 
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more efiScient than sdenium, and copper sulfate less ejBBicient than either 
of these. 

The accelerating and retarding action of various elements was studied 
by Ranedo (106), who showed that elements in the third and fourth groups 
of the Periodic System retard attack considerably. If accelerator ele- 
ments are present, this effect is overcome. Selenium and sufficient 
platinum are among the most active accelerators. 

The effect of each of thirty-nine metals on the determination of nitrogen 
in a gluten flour, studied by Osborn and Wilkie (94), showed that mercury 
was the most satisfactory. Of the thirty-nine metals, ten or twelve 
catalyzed the digestion, and the best catalysts appear to be mercury, 
tellurium, titanium, iron, and copper. Under less violent conditions 
selenium, molybdenum, vanadium, tungsten, and silver were found suit- 
able. Larger amounts of selenium and vanadium interfere with the ac- 
curacy of the determination. Platinum also interferes. 

Milbauer (81, 82, 83, 84, 85, 86) has made extensive investigations on 
the oxidation of organic substances with sulfuric acid. The mechanism 
of the digestion was studied through the medium of simple substances. 
The relative activities of the catalysts employed varied with the tempera- 
ture and the type of compound being oxidized. Experiments performed 
with sucrose and a large number of metals as catalysts showed that 
selenium dioxide and mercuric sulfate (1:1) and selenium dioxide and 
cupric sulfate (3:1) were most effective. Mixtures of the catalysts are 
less satisfactory. In a recent communication, this author (87) has shown 
that, of twenty-five catalysts, mercuric sulfatenselenium promotes ihe 
most rapid digestion when the ratio of mercury to selenium is 4:1, A 
further reduction of time is obtained by the addition of an oxidizing 
agent. Addition of phosphorus pentoxide to the mercury-selenium 
catalyst reduces d^esrion time to 3,5 per cent of the time required with 
concentrated sulfuric acid alone. Equilibrium states and the reaction 
of the Kjeldahl digestion in a current of gases have also been studied by 
Milbauer. 


V. niSTZLLATION AND DETEBUZNATION OF AMMONIA 

The preparation of the d^estion mixture for distillation, and subse- 
quent absorption of the ammonia evolved, is largely mechanical, rather 
than chemical, in nature. The numerous manipulative details will not 
be discussed here, since these can usually be left to the (^>^:ator's dis- 
cretion. No space will be devoted to discussion of the various modifi- 
cations of the apjmratus. 

One of the first means of recovering the ammonia was by steam distilla- 
tion. This has been more or less a controversial subject, inasmuch as 
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some investigators have reported hi^ values due to entraiiunent of alHli 
which was carried over into the absorption flask. Aeration, also, has been 
employed as means of driving off the ammonia. However, low results are 
obtained unless a lai^e excess of alkali is used. Generally speaking, heat 
distillation is probably the most common means of ammonia recovery. 

An investigation by Merlo (77) on the removal of ammonia by aeration 
showed that, at room temperature, tiie ammonia from 20 cc. of 5 per cent 
ammonium chloride solution was completely removed in 1.5 hr., arid at 
40“C. in 45 min. The rate at which air was passed thror^ the solution 
was 600 to 700 liters per hour. Kober and Graves (59) stated that tire 
amount of ammonia left in the distillation residue after aeration for an 
hour is negli^ble, and that the completeness of the distillation is independ- 
ent of heat. An absorption flask devised by SjSquist (125) allows addi- 
tion of standard acid without opening the system. The following results 
w»e obtained by aeration: 


vntE 

AMMONIA BXCOTXBBD 


jier e«nt 

20 min. 

12.0 

60 min. 

32.5 

4 iir. 

84.5 

9 hr. 

98.5 

11 hr. 



Experiments were carried out by Falk and Lugiura (30), according to 
conditions stated by Kober (59), and a comparison made of aeration and 
heat dffitillation methods. For many substances tiie a^ation method 
gave low results, but subsequent stemn distillation raised the values so 
that there was satisfactory agreement with those obtained by heat distil- 
lation. A series of experiments with pure ammonium sulfate showed that 
distillation by the aeration method was incomplete unless a suitable excess 
of strong alkali was present. 

Meldrum, Melempy, and Meyera (76), studying the recovery of am- 
monia by aeration at different temperatures, stated that there is an ad- 
vanti^ to be gained with respect to the time required. 

A successful installation for steam distOlation and its advantages have 
been d^ctibed by Adriano (1) and also by Green (47). 

There now remains only the determination of ammonia to be centered. 
A variety of methods is at hand. The most common procedure is to d^ 
till the ammonia into an excess of standard acid (hydrochloric or sulfuric), 
and titrate the remaining acid with standard alkaHj the difference in the 
two titrations beii^ calculated to nitrogen. 
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In the presence of a comparatively large volume of water and insufficient 
standard acid, it is posable to absorb all the ammonia without loss. Such 
a method was su^ested by Neumann (91), who measured out sli^tly 
less than the amount of acid actually needed, and, after distillation, 
titrated the excess of ammonia with the same standard acid. This obvi- 
ates the necessity of two standard solutions. 

Along the same line is the boric acid method proposed by Winkler 
(145). Boric acid is an ^dremely weak acid and does not cause a color 
change with the indicators used. However, ammonia is fixed by it, and 
as such can be titrated directly with acid. Scales and Harrison (117), 
and also Spears (129), confirmed Winkler’s method, and recommended 
bromophenol blue as an indicator. An excess of 4 per cent boric acid 
was used. (This represents a satmated solution of the acid.) On the 
other hand, Staver and Sandin (131) use a 2 per cent boric acid solution 
and a mixed indicator of methyl red and tetrabromophenol blue. Ex- 
haustive experiments, performed by Sapegin and Ometov (115) on the 
determination of nitrogen in leather, indicated that absorption of the 
ammonia in 2 per cent boric acid was the most satisfactory. A mixed 
indicator of methylene blue and methyl red was used. Brecker (10) 
also used the preceding indicator and stated that methyl red alone may be 
used. The stability of boric acid prepared with pure water and kept in 
I^ex bottles has been establiriied by ESsner and Wagner (28). 

A point to be mentioned is the presence of amines in the distillate. 
Erdmann (29) has su^ested the presence of mono-, di-, or tri-meihylamine 
when tile compound under examination contains the groups 
CHjNH — or (CH*)jN=. In a study of the Kjeldahl metiiod, VilUeis and 
Moreau-Talon (139) stated that the use of too energetic oxidizisg agents 
which mi^t break down the ammonia tiiould be avoided. Tmnpraatore, 
duration of heating, and concentration ^so havethrir effectonthefoamaticHk 
of amines. These authors distilled the ammonia into an excess df dilate 
l^drocbloric acid, evaporated the distillate to dryness, and w^hed the 
ammonium chloride. Chlorine was subsequently detamined by mther 
Mohr’s or Volluad’s method. The two results ^ould agree, and dis- 
cordmit results indicate amine formation. A pr eliminar y p^)er by 
Gortner and Hoffman (44) stated that the distiOate from a Hjeldahl- 
Gunning digestion contains amines to the extent 7 per cent id the 
nitn^en. Magnemum, calcium, barium, and strontium salts isfiiience 
the amount of amines presmt. 

A metiiod of eonrideralde interest is the so-called ‘ffoamoi titration” 
(46, 87, 111, l:^, 123, 148), which dispenses with tiw d^iSialacin of $ar 
nuHiia. if a neutral ammonium salt is treated witih lonhaUehyds^ 
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hexamethylenetetramine and free acid are formed according to the fol- 
lowing equation: 

2(NH0sSO* + 6HCHO -»• (CH2).N4 + 2H2SO« -f- 6HjO 

The liberated acid is titrated with standard alkali. 

The use of Nessler’s reagent us a colorimetric method of determin- 

ing small quantities of ammonia in the distillate. It has been employed 
in microanalysis (60) and in the analysis of biolo^cal materials (36). 
Chiles (15) states that if a protective colloid such as gum arable is em- 
ployed in the nesslerization of ammonia in the presence of alkali sulfates, 
hi^er concentrations of ammonia can be determined. 

Ejeldahl ori^nally proposed the iodometrie determination of the excess 
standard acid after distillation of the ammonia. The reaction takes place 
in the following manner: 

5KI + KIOs + 3 HsS04 -»■ 31* + ZKSO^ -1- SHjO 
I* -I* 2Na£S203 — >• ^828404 “h 2NaI 

Accordiig to Wilson and Mattin^ey (144), since carbon dioxide is usually 
present in the distillate, it is advisable to boU it off before adding the 
iodide-iodate solution. Owing to this sensitivity towaxd carbon dioxide, 
the method has been discarded. However, Michaelis and Maeda (79) 
have stated that the iodometrie method applied to the microchemical 
determination of nitrogen is to be preferred to tire acidimetric method, 
since the pH of the end point is ideal for the ammonia determination, 
and because the danger of changing the end point by carbon dioxide 
absorption is much less than in acidimetric determinations. 

Another iodometrie method, more or less general, makes use of alkaline 
h3rpobromite: 

2NH, + 3NaOBr 3NaBr + Nj + SHaO 
NaOBr (excess) -f- 2KI + 2Ha -»• 2Ka -|- NaQ -i- I, -b H*0 
I, -b 2NasSjO, Na2S406 + 2NaI 

Willard and Cake (143) were the first to apply the above reaction to the 
Ejeldahl process. Various other investigators (42, 65, 103, 107, 134) 
have employed it, principally in the micro determination of nitngen. 

A little-used mo<fification. suggested by Sors (128) consists in exactiy 
neutralizing the acid digest and adding a known excess of standard 
The ammonia is boiled off, and the remaining alkali titrated. The differ- 
ence in titiration represents the equivalent of ammonia that was present. 
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VI. APPUCATION OF THIS METHOD TO THE MORE COMPLICATED COMPOUNDS 

Up to this point, we have considered the nitrogen to be easily avidlable 
upon oxidation. In other words, a great many natural products and 
pure organic nitrogen compounds have their nitrogen in basic form which 
is eadly split off during digestion to form ammonium sulfate. There 
exists, however, a number of compounds whose nitrc^n is present in 
other than a bamc form, examples of which are nitrates, nitro, nitroso, and 
azo compounds, and compoimds containing ring nitrogen. In order to 
rationalize the method and make it generally applicable to the many 
existing forms of nitrogen, a great deal of attention has been and is brang 
pven to those classes of compounds whose behavior is decidedly refrac- 
tory. 

^ the year 1886 Jodlbauer (54) introduced the important principle of 
addition of phenols to the digestion mixture. These phenols, which are 
readily nitrated, convert the nitrogen into a form more easily redudble. 
For a reducing agent, Jodlbauer used zinc dust, with platinum chloride as 
a catd.3rst. 

The next advance was made by Forster (37), who substituted sodium 
tiuosulfate for zinc, and used a mixture of phenol in sulfuric add. 

Cope (18), in 1916, after an extended use, reported salicylic add to be 
a very satisfactory substitute for phenols. This reagent is now general^ 
accepted, although phenol is still used. The following equations illustrate 
the various phases of the conversion of a nitro compound into ammonium 
sulfate, the first step being the formation of nitrosalicylic acid: 

CyBU(OH)COOH + NOjR -*■ C6H,(NO*)(OH)COOH + EH 

Aftor this conversion has been effected, a suitable reducing i^ent is added 
which transforms the nitrosalicylic acid into aminosalicylic acid: 

C.H:,(N0^(0H)C00H -I- SH* ->• C*H,(N^(0H)C00H + 2HaO 

Now that the nitrogen has been reduced to the amino form, it can be con- 
vffliied easily to ammonium sulfate: 

2C8H,(NH«)(0H)C00H + 27HsS 04 -»■ (NH«)^4 + 14C0, + 26SQi -1- 

SOHiO 

In addition to the two redudi^ agents mentioned, iron (52), tine and 
iron (27), stannous chloride-tin (61), sodium hyposulfite (54, 103) 
(Na^klO, sulfur (2®), and hydriodic acid (40) have all been u^. 

Msation of more notable examples of compounds which are mrisaordi- 
narily resastant to oxidation includes antiiyrine, pyramidon, pyridiim, 
quinoline, and isoquinoline. Many oth^ most be subjected to {g>e(9al 
Izeatment before jdelding their nitrcgen as ammonia. It can be seen, 
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then, that any attempt at generalLzation must prove more or less usdess. 
Bleuiy and Levaitier (34) have studied the gases evolved during digestion, 
and have stated that when low values are obtained, considerable nitrogen 
is liberated, and some carbon monoxide. 

Maigosches and Vc^el (70), from their work on nitro compounds, es- 
tablished the fact that the position of substituent groups exerted a ddSnite 
influence on the digestion. They found that when an OH or HO group 
was in the ortho-poation to the nitro group, quantitative results could be 
obtained. Further experiments (68) with the mononitrophenols, mono 
nitrobenzoic acid, and mononitrociimamic acids showed that the sulfuric 
acid digestion tsikes place in two steps. With ortho compoimds, the 
earlier stage is characterized by a black solution, during which time most 
of the nitrogen is converted to ammonium acid sulfate, the remainder 
beii^ converted by the time the solution is decolorized. The para com- 
pounds ^ve a brown solution and practically no nitrogen is converted to 
the ammonium salt during this time. 

Further work by Margosches, Kristen, and Scheinost (71) was conducted 
on mono-, di-, and tri-nitrophenols, nitroanisoles, nitrophenetoles, nitro- 
benzoic acids, nitrobenzyl alcohols, and nitroanilines, using four modifi- 
cations of the Kjeldahl method; viz., with potassium sulfate, with cupric 
oxide, with mercuric oxide, and wiihout catalysts. Most of the com- 
pounds gave low results by all modifications. From the data obtained, 
the authors concluded (I) that if an hydro:!^! group is ortho to the nitro 
group, it is usually easy to convert the nitrogen quantitatively to the 
ammonium salt; (£) that if the hydro^l group is para to the nitro group, 
it is practically imposrible to do so; (3) that a methyl group meta to the 
nitro group ^ves results close to the theoretical. 

It is, therefore, necessary to resort to some means of effecting a reduc- 
tion of the mtiogen of these refractory compounds to some other form 
that will result in complete conversion on subsequent digestion with 
sulfuric acid. Margosch^ and Kristen (72) applied Flamand and Prag- 
er’s (32) modification for azo compounds, 'il^e sample is dissolved in 
ethyl alcohol and reduced with rinc and hydrochloric acid, followed by the 
ordin^ <%estion with sulfuric acid. The amounts of zinc, hydro- 
chlmic acid, and sulfuric acid should be increased according to the num- 
ber of nitro groups present. A continuation of these studies (73) included 
such compounds as m-nitrobenzenesulfonic acid, mononitrotoluoies, and 
dinitrobenz^es. Nitrogen determinations (Flamand-Frager modificar 
tion) were run using cupric omde or cupric sulfate, mercuric oxide, or com- 
binations of th^ as catalysts. The results were tabulated and showed 
that with sulfuric acid alone approximately correct results were obtained 
with 2,4-, ami 2,6-dinitrot»luenes and with 1,2,4, 6-dinitnnylene. Ad- 
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dition of potasdum sulfate or mercuric oxide gave low results in every 
case, while addition of cupric oxide or cupric sulfate gave results hi g^aT 
thn-n the theoretical. Low results were thought to he due to volatiliza- 
tion or sublimation in the diction flask. While these modifications ma/lft 
possible the determination of nitirc^en in some compounds hitherto ninaaad 
as refractory, they cannot be considered of general application. 

The preliminary reduction of osazones of the disaccharides makes it 
pos^le to use the Kjeldahl method for these compounds, although glucoEh 
azone and mannose phenylhydrazone give hi^ results. Dorfmifller (24) 
stated that satMactory results for Ihe osazones of disaccharides and 
mannose phenylhydrazone are obtained by a preliminary reduction with 
sodium hyposulflte m sodium carbonate solution, although ^ucosazone 
gives low results. There is no reliable general method for tins type of 
compound, and each must be considered as an individual case. 

Weizmann, Yopf, and Kirzors (141) have recommended the use of fum- 
ing sulfuric acid (7 p^ cent sulfur trioxide) and zinc as a reducing ag^t 
for nitro compounds, and have reported good results on o- and p-nitro- 
phenols, nitronaphthalene, and picric add. 

Another method for the reduction of nitro and azo compoimds is Simek's 
(122) use of saturated sodium hydrosulfite solution. The sample is re- 
fluxed for 30 min., which is usually sufficient for most substances, alfhou^ 
trinitrodihydroxybenzene requires longer. The excess sodium hydrosulfite 
is decomposed, tire water carduUy driven ofi, and the digestion continued 
in the usual manner. 

The use of hydriodic acid and phosphorus (41), which has been applied 
to the microchemical extermination, is hdpful in reducing hydradne, 
nitro, nitroso, and azo derivatives prior to d^estion. Volatile substances, 
or tiiose liberating nitre^enous decomporition products, must be reduced 
with hydriodic acid in a sealed tube. Diazo compounds, if first eosified 
with phenol to form a stable azo derivative, can be analyzed satisfactorily 
by this metixod. The use of pure dextrose (49) has been found to be hrip- 
ful in determining nitrogen in azo and nitro compounds. 

From the data already presented, the obvious conclusion Is that thoie is 
no general method available by which all types of nitn^en can be deter- 
mined. CertaMy progress has been made, howev^, inasmurih as the 
nitrogen of many compounds can now be determined quantitatively 
throu^ the meffium of prefiminary reduction, or atkiitkBi of epeeifie 
reagents. 

VH. Twin Ttw.*T TOK OF XaCBOCHraiJSIXBT TO oBoAmc MiEBOcmr 

llie micro Ejddahl determination does not differ, in pamdifie ^ leasty 
from the macro method, — asde from ermstnietional and masQNifadivh 
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details. It has given invaluable aid to biological and physiological re- 
search, where only small quantities of materials are available. Much of 
the technique was devised and many of the principles of microanalysis 
were laid down by Fritz Pregl, to whom necessity was the mother of in- 
vention in the matter of analyzing extremely small samples. 

Numerous articles are available, dealing with modifications of the 
method, technique, and apparatus. Since the micro method is, as stated 
above, the same in principle as the macro method, the same precautions 
apply. Any further discussion would seem unnecessary and superfluous. 
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quent work has demonstrated that the same agents also determine tire 
direction of addition of various addenda to a large number of other ethylene 
derivatives. Because of the many papers concerned with such phenomena 
and the varieiy of interpretations offered, a critical review of the ercperi- 
mental work and theoretical conclusions se^ns desirable. Recently, J. C. 
Smith (139, 140, 141) has reviewed the field fully, but from a different 
viewpoint. 

This review is based on the premise that several types of substitution and 
addition can proceed in solution by at least two mechanisms: a ch^ reac- 
tion involving free radicals and occasionally atoms, and an ionic (or molec- 
ular) reaction. The chain hypothesis has tiiown that several apparently 
different types of reaction are actually closely related, and has led to the 
discovery of new syntheses. Although, in most instances, details of the 
ionic or molecular mechanism are not yet clear, the data available permit 
prediction of the products of many reactions. 

This review will be concerned with the addition of hydrogen bromide, 
mercaptans, and bisulfites to unsaturated compomids, and with certain 
rearrangements. The discussion will refer almost entirely to liquid-phase 
reactions. The important ^ects of oxygen and peroxides on the bromina- 
tion and chlorination of hydrocarbons, acids, acid halides, and ketones, 
on chlorinations with sulfuryl chloride, and on carboxylation reactions will 
be omitted because rapid development of these fields has just begun. 

n. The AnnmoN of Halogen Acids to TJnsatubatbd Compounds 

A. NOBUAL AND ABNOBMAL ADDITIONS OF HALOGEN ACIDS 

1. Staius qf Oie sut^ject in 19S0 

Revious to 1930, many hypotheses were current regarding the factors 
which controlled the direction of addition of unsymmetrical reagents to 
ethylene derivatives. Particular confusion existed with respect to some 
addition reactions which could be used to help in decidiog between con- 
fiicting hypotheses. It was with the hope of reconciling some of the dis- 
cordant data that an intensive investigation of tiie addition of halogen 
acids to un^mmetrieally substituted ethylenes was imdertaken in this 
laboratory. 

The addition of h37drogen bromide to allyl bromide seemed of particular 
interest, as various workers had reported addition products ranging from 
nearly pure 1,2-dibromopropane to nearly pure 1,3-dibromopropane, even 
under supposedly identical ^lerimental conditions. These investigators 
ascribed the discrepancies to variations in the temperature, tite reaction 
time, or the ccmcentration of hydrogen bromide, and to the presence of 
water or light (for references, see 53). Other factors which have been 
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thought to direct the addition of a halogen acid to an alkene are solvents 
(46, 114, 117), their dielectric constants or internal pressures (44), magnetic 
fiel^ (17), and previous treatment of the alkene (for references on the elec- 
tromer controversy, see 77). In the vapor-phase reaction, surfaces and 
metal halides (15, 163, 164), oxidizing atmo^heres (11), and light (10) 
have also been supposed to play a rdle. 

It is noteworthy that most of the work on the addition of halogen acids 
has been carried out with hydrogen bromide, since hydrogen chloride often 
adds too slowly and hydrogen iodide frequently gives xmstable addition 
products. This choice is unfortunate, because hydrogen bromide is the 
only halogen acid whose direction of addition to alkenes is affected by air 
and peroxides, and therefore the only one which can give results of doubtful 
significance. The following discussion will show the extent of this peroxide 
effect with hydrogen bromide and the absence of this effect with hydrogen 
chloride and hydrogen iodide. 

S. The peroxide effect 

The peroxide effect was discovered during an investigation of the addi- 
tion of hydrogen bromide to allyl bromide (53). When these substances 
are allowed to react at room temperature in the dark, the reaction may 
take either one of two courses: 

CH,CHBrCH,Br (1) 

/• 

CH^=CHCH^Br -1- HBr 

V 

CHsBrCHsCHJBr (2) 

If the reactants are pure and freshly prepared, and if osygen is excluded 
from the reaction vessel, reaction 1 takes place exclusively® and several 
days are required for substantially complete reaction. If the reaction 
occurs in the presence of small quantities of oxygen or if peroxides are in- 
troduced either deliberately or by use of old allyl bromide, then reaction 2 
takes place almost quantitatively in a few hours. As reaction 1 is that 
which takes place with pure reagents in the absence of catal 3 rsts, it has been 
termed the normcA reaction; reaction 2 is cimormad. Such a reversal of 
addition has been called a “peroxide effect”, and it has been observed in 
additions of hydrogen bromide to many ethylene derivatives. In order to 
^ow that the normal and abnormal reactions take place by different 
mechanisms, the characteristics of the normal addition reaction will be 
discussed before the abnormal reaction is tal:en up in detail. 

* Slight corrections (87) to the original work (53) justify tins statement. 
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S. The normcA addition of hodogen adds 

The normal product of the addition of hydrogen bromide to an aUcene 
is uniquely and conveniently defined in terms of the addition of hydrogen 
chloride and hydrog^ iodide, since these halogen acids are not susceptible 
to a peroxide ^ect and never add abnormally in the liquid phase. The 
addition of hydrogen chloride or hydrogen iodide and the normal addition 
of hydrogen bromide to an alkene or a halogenated alkene usually give a 
single product, the one which would be predicted from Markovnikov’s 
rule (109) . That is to say, the halogen of the halogen add always becomes 
attached to the least hydrogenated of the two doubly bound carbon atoms. 
The product thus obtained is apparently the thermod 3 raam.ically more 
stable one of the two possibilities (20) .* The hydrogen chloride and hydro- 
gen iodide additions in tables 1 and 2 have been carried out since the dis- 
covery of the peroxide effect. In many instances antioxidants or perox- 
ides have been employed, or else the reaction has been carried out in a 
solvent with the object of altering the composition of the addition product. 
The addition of hydrogen chloride to propene has also been carried out in 
quartz apparatus in the presence of ultraviolet light (94). With three ex- 
ceptions, each of these additions yields only one addition product. One 
exception is l-bromopropene, which with both hydrogen chloride and hy- 
drogen iodide gives a mixture made up of one-third 1,1-dihalide and two- 
thirds 1,2-dihalide, thus supplying convincing evidence that (within the 
limits of experimental error) these two halogen acids always add in tbe 
same way. Another mixture is that obtained by the action of hydrogen 
chloride on 2-pentene. As wfll be shown in table 4, hydrogen bromide 
behaves similarly to 1,2-diaIkylethylenes. The third example of a mixture 
is the addition of hydrogen chloride to 1,3-butadiene, resultii^ in 75 to 
80 i)er cent of the 1,2-addition product and 20 to 25 per cent of the 1,4- 
addition product. This proportion is not affected by temperature over the 
range —78® to 25®C. or by the presence of acetic acid. An earlier com- 
pilation (52) showed that in general the addition of hydrogen chloride or 
hydrogen iodide to alkenes has been reported to give only one addition 
product. Michael and Leighton (115) claim to have obtained a small 
proportion of ?t-propyl iodide by the addition of hydrogen iodide to 

* These statements do not hold for temperatures above 200*0. Isopropyl and 
propyl bromides isomerize in the liquid phase at 250-275*0. to equilibrium mixtures 
containing about 30 per cent of primary halide (16); isobutyl and tertiary butyl 
bromides are known to behave sinularly. The vapor-phase addition of hydrogen 
chloride to isobutene (2-methylpropene) at 270*0. gives an addition product con- 
tmning mosUy tsri-bulyl chlmide but also about 8 per cent of isobutyl chloride (112). 
Thus a portion of the product obtained by the addition of a halogen acid at high 
temperature disagrees with Markovnikov’s rule. The nature of such reactions is 
now under investigation in this laboratory. 
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propene, and Ingold and Bamsden (44) claim to have obtained up to 
24 per cent of primary iodide by carrying out this reaction in certain sol- 
vents. In this laboratory, repeated attempts (84) to confirm these nlaima 
have failed. It has been found that peroxides accelerate the rate of addi- 
tion of hydrogen iodide (62, 84), but this effect is explained by the fact that 


TABLE 1 


The addition of hydrogen chloride to unsaturated compounds 


T7NSATT7BATBD 

COMPO'OBD 

Vinyl chloride 

Trichloroethylene . 
Propene 

1- Bromopropene.. . 

2- Bromopropene., . 

1- Chloropropene.. . 

2- Chloropropene.. . 

Allyl chloride 

Isobutylene 

♦ 

I 

2-Pentene 

Trimethylethyl- 

ene 

A*-Pentenoic acid . 
A*-Pentenoic acid. 
A^-Pentenoic acid, 
Ai®-Undecenoic 
acid 

1,3-Butadiene 

1- Hexyne 

2- Chloro-l-hexene . 


rOBMtJLA 

ABDItlOK PRODUCT 

BETBRSNCBB 

CHtf=CHCl 

CHsCHCh 

(87,83) 

CCli*CHCl 

CCI 3 CH 2 CI 

(74) 

CHgCH=CHa 

CHsCHClCHs 

(15,83,94) 


GHjCHsCHBrCl (35%) 
CHaOHClCH^r ( 66 %) 

(70, 83) 

CHaCBr^CHa 

CHsCBrClCHs 

(83) 

CHaCH^^CHCl 

CHgCHsCHCh 

(70,83) 

CHsCCl^CHa 

CHgCChCHs 

(83) 

CHjClCH^CHs 

CHaClCHClCHs 

(83) 

(CH,)jO=CH, 

(CH.),CC1 

CHaOHjCHClGHjCH, 

(83, 129) 

CHjCH,CH=CHCH, ■ 

(60%) 

GHjCHjCHjGHGlGH, 

(77) 


(50%) 


(CH,)jO=CHOH, 

(CH,),GC1GH,CH, 

(117) 

CHsCHsCH— CHCOOH 

GH,CH,CHClGHjGOOH 

(131) 

CH,CH=CHCH,COOH 

GH,CHClGHaCH*GOOH 

(131) 

CHj-=OHCH,CH,COOH 

GHjCHClGHjCHjGOOH 

(131) 

CHi=CH(CH,),COOH 

GH,CHC1(CH,),COOH 

(1) 


GH,CHClGH=GHa 


CH*=CHCH=CH, - 

(76-80%) 

GH,CH==GHCHsCl 

(71) 


(20-25%) 


CHsC(CH,)iCH, 

GHf-Ga(CHj).CH, 

(36) 


GH,CGl,(GHj),GH, 

(36) 


peroxides liberate iodine from hydrogen iodide and that iodine is acsatalyst 
for the normal addition of hydrogen iodide. 

Because it has sometimes been difficult to eliminate completely the 
abnormal addition of hydrogen bromide, the use of hydrogen chloride or 
hydrogen iodide as standards for the normal addition has been found con- 
venient and reliable in doubtful cases (83). The nonnal addition products 
of many alkenes are listed in table 3. 

Present indications are that the addition of hydr<^en fluoride to alkenes 
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also follows Markovnikov’s rule (32, 102, 143). It will be indicated lat^ 
tiiat a peroxide effect with this reagent is very unlikely. 

The available data justify only the foUovdng general statemCTits as to 
the relation between tiie rate of the normal addition and the structure of 
the alkene. In the case of any one alkene, hydrogen chloride adds more 
slowly than hydrogen bromide, and the latter usually adds more slowly 
than hydrogen iodide. In the normal addition of hydrogen bromide (on 
which the most information is available), substitution of the ethylene hy- 
drogens by alkyl or phenyl groups increases the rate of addition, whereas 
substitution by halogen retards the addition. Even substitution of hydro- 
gen on an adjacent carbon atom by halogen retards addition. Some data 
to illustrate these statements appear in table 5. 


TABLE 2 

The addition of hydrogen iodide to unsaturated compounds 


JJJSBAXURAXSD COUPOTHSTD 


FOBKUIA 


ABDZnOK FBODUCT 


Vinyl chloride 

Propene 

1-Bromopropene 

Allyl bromide 

Allyl chloride 

l-Butene 

Trimethylethylene 

4,4-Dimethyl-l-pentene, 
Undecenoic acid 

^-lodocrotonic acid 

Tetrolic acid 


CHiMDHCl 

CHaCH^CHj 

CHaCH=CHBr | 

CHf-=CHCH,Br 

CHtf=CHCH,Cl 

CH#*CHCHaCH, 

{ch,)2<x:hch, 

(CH,),CCH*CH«CH2 

COOH 

CHaCI=GHCOOH 

CHaCsCCOOH 


CHsCHICl 

CHjCHICHa 

CHaCHICHaBr (64%) 

CH,CH,CHIBr (36%) 

CHsCHICHjBr 

CHaCHICHiCI 

CHaCHICHaCH, 

(CH,)aCICH2CH, 

(CH 3 )aCCH*CHICH, 

CHaCHI(CHa)8COOH 

CHsCIsCHjCOOH 

CH8CI==CHC00H 


JtEFBB- 

BNCB8 


(57) 
(62, 84) 

(84) 

(62, 84) 
(84) 
(62) 
(117) 
(62) 

( 1 ) 

( 110 ) 

(110) 


Since a large portion of this review will be concerned with the mechanism 
of the abnormal addition of hydrogen bromide, it seems appropriate to 
discuss first the mechanism of normal addition. Maass and his associates 
have inves%ated the reaction of hydrogen bromide with propene and of 
hydrrgen chloride with propene and the butenes in the absence of solvents. 
They fihd that those alkenes which (as indicated by the mdtii^-pomt 
curves of mixtures) form 1 : 1 complexes with halogen acids at low tempera- 
tures react around room temperature to give addition products more easily 
than those which do not form complexes, that the addition is complicated 
by a dimerization reaction so that rate equations could not be established, 
and that excess h^ogen add is more effective than mccess alkene in acceler- 
ating the addition (19, 106, 107). No electirical conductance could be ob- 
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served in these mixtures, and it was found that hydrogen chloride ac- 
celerated the addition of hydrogen bromide (106). The rate of addition 
of hydrogen chloride to propene increases with temperature from about 
—80® to -|-46°C. Between 45®C. and the critical temperature of the mix- 
ture (70®C.), the reaction has a n^ative temperature coefficient which 
Holder and Maass (39) have ascribed to loss of orientation or “structure” 
in the liquid. These liquid-phase reactions, as well as the normal addition 
of hydrogen bromide to allyl bromide (53), are mostly or entirely homo- 
geneous. Above the critical temperature, at high pressure, the hydrogen 
chloride-propene reaction is very slow, and has a positive temperature 
coefficient (39) . The vapor-phase additions of halogen acids to alkenes are 
heterogeneous, bimolecular reactions (19, 39, 99), acceletated by metal 
halides (15, 163). Equilibria and activation energies have been reported 
in a few instances (48, 99). 

Kinetic investigations of the addition of halogen acids to alkenes (113, 
122) in inert solvents indicate that the reaction is largely, if not entirely, 
of an order higher than the second. Consequently, inert solvents greatly 
reduce the rate of addition. That the rates are lower in ether and in diox- 
ane than in hydrocarbon solvents is apparently a consequence of combina- 
tion of the halogen acid with the solvent (122). ' Among oxygen-free sol- 
vents, the rate of addition increases in approximately the same order as the 
dielectric constants of the solvents, but in the presence of water or car- 
boxylic acids, the reaction may be faster than in the absence of a diluent 
(53). 

The existing data, inadequate as they are, nev^theless indicate that the 
conventional mechanism of normal addition, as described by Robinson 
(128) and Ingold (43), is an oversimplification. According to this mechr 
anism, the proton of the halogen acid (with or without ionization) becomes 
attached to one of the doubly bound carbon atoms, leaving the other as a 
positive carbonium ion which subsequently reacts with the halide ion. 
Ogg (123) has pointed out that such a positive ion would be configura- 
tionally unstable and therefore inconsistent with known tram additions 
of halogen acids to some ethylene bonds. He suggests that the native 
hdide ion adds first to give a configurationally stable negative carbonium 
ion which latar adds a proton. Neither mechanism is satisfactory under 
conditions where tine reaction is of higher than the second order. Sher- 
man, Quimby, and Sutherland (134) have discussed both a non-ionic 
bimolecular mechanism and a chain mechanism for the normal addition in 
the vapor-phase or in inert solvents. The chain mechanism is that to be 
described in section II, B, 5 for the abnormal reaction; reasons for rejecting 
it as a normal mechanism will subsequently become clear. No homo- 
g^eous bimolecular addition has yet been observed in the vapor phas^ 
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but the posdbility of such a reaction cannot yet be wholly excluded for 
the liquid phase. 

Urushibara and Sinamura (151) have suggested a different chain mech- 
anism for the normal addition of hydrogen bromide: 

RCH==CHj -f- H* ^ ROTCH, (3) 

ROTCHs -f HBr RCBBrCH* + H* (4) 

Aside from the fact that this chmn lacks any experimental support, it must 
be discarded on -thermodynamic grounds. As has been mentioned else- 
where (87), reaction 4 is endothennic by about 35 kg-cal., an impossible 
condition for a'step in a rapid chain reaction. 

An explanation which seems to eliminate all of the above dificulties is 
that the reaction occurs, not simply between halogen add and alkene, but 
between halogen acid and a halogen add-alkene complex* which may 
contain a hydrogen bond. Such a mechanism explmns why the rate de- 
pends more upon the halogen acid than upon the alkene concentration 
(19, 39, 106). Because the complex would be expected to be less stable 
at higher temperatures, the native temperature coefificients observed 
in some instances (39, 111) can be accoimted for. The increased reaction 
velocity in hydroxylic and carboxylic solvents may be due to the fact that 
reaction is easier when either the complex or the halogen acid is ionized. 

The effects of catalysts are coi^tent -vnth this idea of the mechanism 
of normal addition. Anhydrous ferric and aluminum chlorides are the 
most powerful known accelerators for the addition of hydrogen chloride 
and hydrogen bromide, and are particularly useful with those alkenes which 
otherwise react very slow]^. Tests have shown that these catalysts 
affect only the rate and not the product of addition; in thdr presence only 
the normal addition product is obtained (83).^ Zinc, thallous, cobaltous, 
and ferrous halides are moderate accelerators of the addition of hydrogen 
bromide to aJlyl bromide; cadmium, lead, stannous, cuprous, and nickelous 

* GofBn, Sutherland, and Maass (18a) have pre-viously considered this and other 
possibilities, but have rejected them in favor of the hypothesis that reaction takes 
place between two molecules of complex. They consider that the latter explanation 
best interprets the retardation of some additions by excess alkene. This possibility 
must still be admitted, but in -view of the fact that the authors mentioned used no 
solvents and could obtain no rate constants, the simpler mechanism seems preferable 
for the present, since it has some support from additions in solvents (113). 

< An anomalous case is reported by Schj&nberg (131), who considers that ferric 
chloride is a n^ative catalyst for the addition of hydrogen chloride to the three 
isomeric straightHihain pentenoic acids. That this is not a general rule for acids 
is shown by the fact that normal addition to A'o-undecenoic acid is accderated by 
ferric chloride (139). Further work may clarify this question. 
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bromides (87) and platinum black (152) are weak accelerators of the same 
reaction. Tbere has been little need to accelerate the addition of hydro- 
gen iodide to alkenes, but mercuric iodide and free iodine have been found 
^ective (84). ieri-Butyl isocyanide accelerates the addition of hydrogen 
broinide to aJlyl bromide (53), vinyl bromide (54), and vinyl chloride (57). 
This effect is probably due to the formation of some kind of an ammonium 
salt by the reaction of the isocyanide with hydrogen bromide, since di- 
methylammonium bromide and tetraethylammonium bromide have been 
found to accelerate the addition of hydrogen bromide to allyl bromide 
(112). These various catalysts may alter the uncatalyzed mechanism 
in several wa 3 rs. The metal halide (or iodine) may replace one molecule 
of halogen acid in the halogen acid-alkene complex; or by combinitig with 
the halogen acid, it may activate the proton so that the latter more easily 
forms complexes with alkenes. Whatever complex is formed, the activity 
of substituted ammonium halides suggests that the alkene comply may 
react with the halide ion of a salt more ea^y than with a halogen acid. 

B. THE FEBOXIDE EFFECT THE ADDmON OF HTDBOUEH BBOMmE 

1. Products of addition 

Table 3 lists those ethylene and acetylene derivatives for which the 
direction of addition of hydrogen bromide is knowm to be affected by 
oj^gen or peroxides. In many instances, both products indicated have 
been obtained in a pure condition. In the others, more or less difficulty 
has been encountered in completely suppressing one of the competing 
additions, and mixtures have been obtained, their composition depending 
on the experimental conditions. In the whole of table 3, tbere is only one 
instance where it is well establitiied that the normal addition product is a 
mixture: 1-bromopropene gives about one-third 1,1-dihalide smd two- 
thirds 1 , 2-dihalide, a result already indicated for the additions of hydrogen 
chloride and hydrogen iodide. In the presence of peroxides, hydrogen 
bromide adds to give 1 , 2-dibromopropane exclusively. 

Table 3 shows that peroxides alter the direction of addition of hydrogen 
bromide to unsaturated hydrocarbons, halides, acids, and esters. Five 
examples mdicate that the effect apparently applies to aceiylene as well 
as to ethylene derivatives. In most of the compounds cited, the double 
bond is at the end of the carbon chain, but recent work with trimethyl- 
ethylene, 2-bromo-2-butene, and 2-methyl-2-nonadecene diows that the 
effect is not confined to terminal double bonds. 

Table 4 lists alkenes for which it has not yet been posable to reverse the 
addition of hydrogen bromide. This table refers only to studies cmried 
out since the discovery of the peroxide effect, where attempts have been 
made to obtain more than one product. There is some uncertainty about 
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Ethyl orotonate, CH,CH~CHCOOCtH. CH,CHBrCH,COOCJIi 

AoryUo acid, CHp*CHCOOH CH,BrCH,COOH 

Methyl methacrylate, CHj=C(CH,)COOOH, CH,BrCH(CH,)COOCH, 


/J-Bromoorotonio acid, CH,CBr«CHCOOH CH,CBriCH,COOH (20) 

Cmnamio acid, CHCOOH CeHjCHBrCHjCXJOH (110) 
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placing compoimds in this table, because a past failure to obtain a second 
addition product does not prove that future attempts will likewise be 
failures. For example, early attempts to revise the addition of hydrogen 
bromide to styrene failed, but unproved technique gave up to 80 per cent 
of the abnormal product (162). 

It seems well established that peroxides do not affect the direction of 
addition of hydrogen bromide to the ethylene derivatives in section A of 
table 4. Here the normal addition products are 50-50 mixtures, and com- 
plete reversal of the addition gives the same result. Note that, as far as 
directing tendency is concerned, methyl has the same effect as ethyl or a 
long-chain alkyl with a substituent on the end.® Thus there are few ex- 
amples of a peroxide effect upon non-terminal double bonds. It should be 
pointed out here that symmetrically substituted ethylenes, e.g., 2-butene, 
can give only one structurally distinct addition product, but this fact does 
not preclude the possibilily that the product in question can be formed by 
two mechanisms. 

Alkenes containing a group which inhibits abnormal addition may fail 
to give an abnormal product. The only known example of such a com- 
poimd is A“-undecenol (in section B of table 4) ; primary alcohol groups 
are weak inhibitors of abnormal addition. Until more data on such 
compounds are available, it should be concluded that the presence of an 
inhibiting group in an alkene makes abnormal addition less likely but not 
impossible. 

In section C are listed some doubtful cases in which attempts to obtain 
two addition products have been made. It is probably because the best 
e^erimental procedures have not yet been ^ployed that the second 
products have not been detected. In the opinion of the reviewers, pro- 
penylbenzene, safrole, and (if isomerization^ can be retarded) l-bromo-2- 
butene should give two addition products. Because of the behavior of 
1-bromopropene, no comment is made on additions to 1-bromohexene. 
Camphene is a special case, because its predicted abnormal addition 
product is unknown and because acids rearrai^e its carbon skeleton. 

Section D (table 4) consists of a, j3-unsaturated acids and esters. Even 
when an improved technique was used, crotonic acid and crotonic ester 
gave only j3-bromobutyiic acid or ester, with no indication of o-brominated 
derivatives. Attempts to obtain a second addition product from the other 
adds listed have failed, but the improved technique has not yet been 

* The case of h*-peaieaoic acid, listed in table 3, is not an exception to this 
statement, since the carboxyl group is separated from the double bond by only one 
methylene group. Normal addition gives one product. 

f This rearrangement, together with the addition of hydrogen bromide to buta- 
diene, will be considered in the section on rearrangements (V, A). 
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employed. Explanations will be considered in the section on the mech- 
anism of the abnormal addition. A fact pertinent to bromomaleic and 
bromofumaiic acids is that 1 , 1-dibromosuccinic acid is unknown and may 
be incapable of existence. Althoi^h no instance is known of a peroxide 
effect on an acid containing an a, Rouble bond, there are indications of 
such an effect on the a,|3-triple bonds of tetrolic and phenylpropiolic 
acids (table 3). 

The present section has thus far dealt only with the effects of oxygen and 
peroxides on the direction of addition of hydrogen bromide in liquid-phase 
reactions. The data on vapor-phase reactions are contradictory but of 
interest because, about ten years before the peroxide effect was reported 
in the scientific literature, suggestions of such an effect in the vapor phase 
appeared in Bauer’s patents. He claimed that the addition of hydrogen 
chloride, bromide, or iodide to acetylene and vinyl bromide, in the presence 
of an oxidizing atmosphere containing oxygen, ozone, chlorine, or nitrogen 
oxides (11), or in the presence of light (10), gives ethylene halides ratiier 
than ethyhdene halides. Eharasch and Walker (97) have found that oxy- 
gen accelerates the addition of hydrogen bromide to propene, 2-pentene, 
and butadiene, and Kistiakowsky and Stauffer (99) mention a similar 
effect in the addition of “halogen acids” to “isobutene.” Brouwer and 
Wibaut (15) state that oxygen does not affect the direction of addition of 
either hydrogen bromide or hydrogen chloride to propene. Vapon-phase 
reactions need further investigation. 

2. Rates of addition 

A consideration of the rates of some normal and abnormal addition reac- 
tions will be of assistance in showing that the two reactions are independent 
and competing, and that the susceptibility of an alkene to tibe peroxide 
effect is directly related to the rate of its normal addition reaction. No 
quantitative data are available, but table 5 has been compiled from 
experiments which have been carried out in the same laboratory under 
comparable conditions: that is, at room temperature, with about 1.5 
moles of hydrogen bromide per mole of alkene, and (except as noted) in 
tile absence of solvents. 

The alkenes are listed approximately in order of increasii^ rate of nor- 
mal reaction with hydrogen bromide and of decreasu^ susceptibility to 
the peroxide effect. When the normal addition is extremely slow (section 
A), tiraces of oxjjrgen and peroxides can exert a maximum effect; untefS the 
normal addition is specifically catalyzed, abnormal addition predominates, 
even in the presence of an antioxidant. When the normal addition is 
somewhat faster (section B), it can outrun the abnmmal addition only 
when the latter is inhibited by an antioxidant. With allyl bromide (sec- 
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tion 0), exclusion of air and ordinary purification of materials permit the 
normal to exdude the abnormal addition, althoi:^h the latter occurs in the 
presence of air. With the alkenes in section D, air alone is ordinarily 
insufficient to influence the course of the reaction and definite admixture of 
peroxides is required to prevent fairly rapid formation of the normal 
addition product. In section E, tiie normal addition is so fast that it must 

TABLE 6 


Rate of addition of hydrogen bromide to unsaturated compounds 


tmaA.TIIBATK1> COUPOXTND 

NOSlCAIi A1>3>mOX7 

ABITOBUAL AOnmON 

BZFIDB- 

BNCZS. 

Yidd* 

Time 

Condi- 1 
tionet 

Yidd* 

Time 

Condi* 

tioDst 


patera 

h&UTt 

1 

per cent 

howe 



Section A: 








Trichloroethylene 

0 

1440 

(1) 

27 

24 

(3) 

(74) 

1-Br omopropene 

Very little 

(1) 

84 

3 

(3) 

(70) 

l-Ghloropropene 

25 

850 

(1) 

21 

1 

(3) 

(70) 

Section B: 








Vinyl bromide 

79 

1632 

(1) 


31 

(2) 

(54) 

Vinyl chloride 1 

59 

336 

(1) 

76 i 

48 

(2) 

(67) 

Section C: 








Allyl bromide 

95 

240 

(1) 


<16 

(2) 

(53) 

Section D: 








2-Bromopropene 

92 1 

27 

(1) 

80 

5 

(2) 

(70) 

2-Chloropropene 

70 

40 

(1) 


7 

(2) 

(70) 

Propylene 

70 

3 

(1) 

41 


(3) 

(66) 

IsoWylene 

100 j 

1 

(2) 


t 

(3) 

(69) 

Section E: 








2-Bromo-2-butene 

65 

2 

(1) 

Faster 

(4) 

(161) 

Trimethylethylene 



(1) 



(4) 

(162) 

Styrene 

1 


(2) 


t 

(4) 

(162) 


* When a 90 to 100 per cent yield was obtMned, the time given represents only an 
upper limit to the period required for substantially complete reaction. 

t Conditions; (1) air absent, antioxidant present; (2) air present; (3) peroxide 
present; (4) dilute pentane solution with a peroxide present (otherwise no solvent 
was employed). All reactions were carried out near room temperature, usually in 
sealed tubes. 

t Keaction appeared to occur as rapidly as hydrogen bromide was added. 

be retarded by the use of a solvent in order to obtain the abnormal product. 
Even so, about 20 per cent normal addition occurs. 

Th^ observations are all consistent with the view that the two types 
of addition are independent but competing; the structure of the alkene and 
the conditions of addition determine the product which predominates. 
This view is supported by the fact that each alkene in sections B and C 
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has yielded many different mixtures of the two possible products at rates 
intermediate between those of the independent reactions. Similar ex- 
amples will be indicated in the section on the influence of experimental 
conditions.® 

Evidence showing how the rate of abnormal addition varies with the 
structure of the alkene is unsatisfactory, but indications are that the al- 
kenes in section A, particularly trichloroethylene,- are also distinguished 
by slow abnormal additions. 

S. Catalysts of cibnormal addition 

Of the materials which catalyze the abnormal addition, the first ones to 
be detected, and the most important on account of their wide prevalence, 
are oxygen and peroxides. Most alkenes, on standing, react with air to 
form materials which give the familiar test for peroxides; that is, they give 
an intense red color when shaken with an aqueous solution containing 
ferrous and thiocyanate ions.® The ability of these natural peroxides to 
cause abnormal addition depends on the extent of their formation and on 
the rate of the normal addition. For aUyl bromide, where the most data 
are available and where the rate of the normal addition is moderate, the 
quantities of oxygen or peroxide required are small. Urushibara and 
Takebayashi (164) state that 1.5 cc. of oxygen per 24.2 g. of allyl bromide 
(0.03 mole per cent) is sufficient, to give a product containing 96 per cent 
of 1,3-dibromopropane (abnormal). Because about three times as much 

^ Such, observations disagree with the opinion of Urushibara and Takebayashi 
(151) that the normal and abnormal additions so cancel each other that only one can 
proceed at a time. This view is based on a chain mechanism for normal addition 
which the reviewers have questioned in section II, A, 3. Assumptions about the 
effect of one mechanism on the other seem unnecessary, because any rate of reaction 
or any addition product thus far recorded may be accounted for on the following 
basis; The abnormal addition may have an induction period (140), proceed very 
rapidly for a time through the action of peroxides, and then more slowly through the 
effect of oxygen, 

” Urushibara and Takebayashi (153) state that when oxygen was passed through 
allyl bromide in the dark, no peroxides were formed in one month, whereas a strong 
test could be obtained after the bromide was kept for a few hours in diffused light. 
However, Urushibara and Sinamura (151) record that when oxygen and hydrogen 
bromide together were passed through allyl bromide in the dark, considerable oxida- 
tion took place, as indicated by formation of water, the liberation of heat, the 
temporary formation of bromine, and the development of a peroxide test. A good 
yield of 1,3-dibromopropane was obtained. Such experiments have never been 
carried out in this laboratory, but it has been repeatedly observed that, when allyl 
bromide is stored in the dark in a bottle containing air, and only intermittently 
exposed to light for the purpose of withdrawing samples, a weak peroxide test can 
be obtained after a few days and a very strong test after a few weeks. The 1- and 
2-Kjhloro- and bromo-propenes, as well as styrene, form peroxides more rapidly. 
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peroxide (formed spontaneously and determined by its ability to oxidize 
iodide ion) was required to produce a similar effect, they suggest that 
molecular oxygen, rather than organic peroxides, is responsible for the 
peroxide effect, and that peroxides function by liberating this gas. The 
reviewers know of no observations that alkene peroxides liberate oxygen. 

Added peroxides are quite as effective as those formed spontaneously 
in the alkene. Among those which have been successfully used are ben- 
zoyl peroxide, lauroyl peroxide, perbenzoic acid, and ascaridole (natural 
mentihene peroxide). The quantities employed have usually been of the 
order of 1 mole per cent. 

Smith has observed the rate of addition of hydrogen bromide to unde- 
cenoic acid in vaiious solvents and under various atmospheres. He found 
that there is an induction period in the abnormal addition when air or 
benzoyl peroxide is the catalyst, but not when perbenzoic acid, which liber- 
ates bromine immediately, is used. In experiments with purified mate- 
rials in fairly concentrated solution, air, but not perbenzoic acid, gave an 
abnormal addition reaction. Smith concludes that oxygen is essential for 
tiie abnormal reaction and that peroxides serve as subsidiary catalysts 
(35, 140). Observations in this laboratory (53, 55, 61, 63, 70) show that 
both benzoyl peroxide and ascaridole can serve as catalysts for the abnor- 
mal reaction in the absence of air, but that the rate and extent of abnormal 
addition are often more unpredictable with peroxides^®, particularly 
perbenzoic acid, than with oxygen. 

A simple explanation of these results, as well as those of Urushibara, 
Takebayashi, and Smith, is as follows: Either oxygen or peroxide can 
serve as catalyst for the abnormal addition reaction by reacting with 
hydrogen bromide. If the peroxide re^ts rapidly, as do ascaridole and 
perbenzoic acid, the catalyst is quickly destroyed before much abnormal 
addition has taken place. On the other hand, benzoyl peroxide^ and oxy- 
gen react very slowly with hydrogen bromide imder the usual experimental 
conditions, and thus exert a catalytic effect over a comparatively long 
p«iod. The observations of other workers that peroxides may be less 
effective than oxygen in catalyzing abnormal addition are not questioned; 
nevertheless tiieir conclurion that molecular oxygen is necessary seems to 
the reviewers to be unjustified. 

Other gases than oxygen, and other oxidizing agents than pm>xides, 
have been investi^ted for a possible effect on the abnormal addition. 
Nitrogen, hydrogen, nitiic oxide, and nitrogen dioxide were tided with 

With trichloroethylene (74) benzoyl peroxide caused abnormal addition when 
air did not. 

^ This statement applies particularly to experiments without solvents, when the 
benzoyl peroxide dissolves slowly. 
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allyl bromide and found to be without effect (53). Neither lead dioxide 
nor bromine (in the dark and in the absence of air) had any effect on the 
addition to allyl bromide (53), nor did JV-bromobenzamide and iodine af- 
fect addition to propene (111). Smith, however, working with diffused 
light and in a hydrogen atmosphere, found that intermittent additions of 
bromine caused an abnormal addition to undecenoic acid in carbon 
tetrachloride solution (140). Harris and Smith (35) report that a-hep- 
tenylheptaldehyde and 10,11-epoxyundecaiioic acid are catalysts for the 
abnormal addition of hydrogen bromide to imdecenoic acid in the presence 
of air, but have only a small effect in its absence. In the faster addition of 
hydrogen bromide to propene (without a solvent), both propylene oxide 
and propionaldehyde, when peroxide-free, were ineffective even in the 
presence of air (111). Therefore such catalysts probably function because 
they, or impurities which they contain, are oxidized by air to peroxides.^ 

Finely divided iron, cobalt, and nickd are strong catalysts for the ab- 
normal addition of hydrogen bromide to allyl bromide and undecenoic 
acid; these reactions will be considered later. 

4. Inhibitors of abnormal addition 

It has been found that small proportions, usually 1 to 5 mole per cent, 
of certain substances prevent abnormal addition when this reaction would 
otherwise predominate. These inhibitors are commonly called antioxi- 
dants because they overcome the effect of oxygen, but many of them are 
not inhibitors of auto5xidation reactions. Table 6 summarizes some of the 
available information on inhibitors of abnormal addition, and permits 
rough evaluation of their effectiveness. The alkenes in section A are 
those which put antioxidants to the most severe test. For these com- 
pounds no antioxidant has been found which completely prevents abnormal 
addition, except in the presence of a catalyst for the normal reaction. 
In section B, the iuhibitors are effective for propene only when this com- 
pound is carefully and freshly purified and when a clean vacuum line is 
used. The other sections bring out further differences in the effectiveness 
of antioxidants, and it can be concluded that compounds with sulfhydryl 
groups are the best inhibitors; some phenols and aromatic amines areless 
effective. It should be noted that the effectiveness of the inhibiting sub- 
stances is rdated to their solubility. This fact may account for the moder- 
ate efficacy of dipheiylamine (the hydrobromide of which is rather soluble 

Note added August 8, 1940: This coaolution is supported by the paper of M. 
Takebayashi (Bull. Chem. Soe. Japau 16, 116 (1940)}. . He found that the effect of 
aldehydes on the addition of hydrogen bromide to undecenme acid depended on the 
peroxide content of the aldehydes. 
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in the reaction mixtures), for the fact that catechol is often better than 
hydroquinone, and for the difierences between some of the metal halides. 

Ethanol has been found to inhibit abnormal addition to A*®-undecenoic 
acid (35) and to trimethylethylene (162). In a later section it will be 
shown that this inhibiting effect decrease at lower temperatures. 

5. The bromine-aiom mechanism of abnormaL addiUon 

At this point it seems detirable to correlate the data so far presented by 
means of a mechanism for the abnormal addition. Since this reaction 
can be caused by relatively small quantities of oxygen and peroxides and 
inhibited by equally small quantities of antioxidants, it is established that 
the abnormal addition is a chain reaction. In chooting a mechanism for 
the reaction, it must be explained how oxygen and peroxides start reaction 
chains, how the chains give the abnormal addition product, and why hydro- 
gen bromide is the only halogen acid capable of reacting throi^ such a 
chain. In order to meet the last requirement, it seems necessary that the 
o^^gen or peroxides function through the hydrogen bromide rather than 
through the alkene; otherwise it would be difficult to explain why the 
addition of other unsymmetiical reagents is not also reversed by these 
reagents. If oxygen or peroxides attack hydrogen bromide, bromine 
should result; but molecular bromine has no effect on the reaction in the 
dark. It has therefore been suggested that the slow oxidation of hydrogen 
bromide in dilute solution gives bromine atoms. In adding to a double 
bond, these atoms need not attack the same doubly bound carbon atom 
which would be attacked by the proton in the normal addition. Although 
oxidation of hydrogen bromide might conceivably give positive bromine 
ions, and althou^ these ions should add abnormally to double bonds, for- 
mulation of the mechanism of the abnormal addition in terms of bromine 
atoms (70)“ is preferred, because more energy would be required to sepa- 
rate charged particles in non-polar solvents. According to this mechanism, 
the reaction should proceed as follows: 

HBr -i- O 2 H— 0— 0* + Br* (5) 

RCH=CHj -b Br» RCHCHjBr (6) 

RCHCHL 2 Br -f* SSr — > RCH 2 CH 2 Br Br* (7) 

The individual steps suggested will nert be discussed. 

The suggestion that the abnormal addition is a chain mechanism involving 
bromine atoms was made simultaneously and independently, but without details, 
by Hey and Waters (37). Previously, Burkhardt (16) had suggested that free 
radicals might account for the abnormal addition of thiophenol to styrene; cf. 
section III, B. 
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The oxidation of hydrogen bromide by oxygen is ordinarily slow, but 
TJrushibara and Sinamura have shown that in the presence of an alkene 
such as allyl bromide, peroxides are very rapidly formed (151). These 
organic peroxides react slowly with hydrogen bromide. The same authors 
also showed that the interaction of hydrogen bromide, oxygen, and stilbene 
gives stilbene dibromide, thus proving the oxidation of hydrogen bromide. 
Similarly, the abnormal addition of hydrogen bromide to allyl bromide is 
accompanied by the formation of small amounts of a high-boiling liquid 
which is apparently 1,2,3-tribromopropane (94, 151). The essential 
feature of reaction 5 is that at least a small portion of the bromine formed 
must be liberated in the atomic state. This requirement is consistent 
with the fact that those peroxides which react more slowly with hydrogen 
bromide are usually more effective; it also agrees with the observation of 
Smith (140) that bromine is a catalyst for the addition of hydrogen bromide 
in diffused light. The fate of the HO** radical is unimportant. It may 
react with hydrogen bromide to give another bromine atom and hydrcgen 
peroxide, or it may combine with alkene. 

If reaction 5 is assumed, reaction 6 can follow very easily. In the nor- 
mal addition to the type of alkene chosen as an example, the proton be- 
comes attached to the terminal carbon atom, showing that this atom is the 
relatively negative carbon atom of the double bond. In abnormal addition 
the bromine atom becomes attached to this terminal carbon atom. It 
has already been suggested (70) that the oxidizing properties of the bromine 
atom cause it to attack the carbon atom with the higher electron density, 
lliis explanation is simple and plausible, but the following one has addi- 
tional advantages: The point of attack by the bromine atom is little af- 
fected by the polarity of tiie double bond, but depends upon the relative 
stability of tiie two bromoalkyl radicals which noay be formed. If the 
directions of all additions by the chain mechanism are to be explained on 
this basis, the following orders of decreasing stabilities of free radicals 
(each formed by the addition of a bromine atom to a double bond) are 
required: 


Radicals from hydrocarbons: tertiary > secondary > primary 

H H H H 

II II 

lides: R — C — C— X ■> R — G— C5 — X 


Radicals from vinyl-tsrpe glides: 


Br 


Br 


Radicals from acids, esters: 

H H H H 

R-<!5— <!>— COOR' > R— (jl— (i— COOR" 


Br 


Br 
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Eadical stability in this discussion is intended in the sense of higher heat 
of formation; no reference to the mean life of the radical is implied. If 
these relative stabilities can be proved correct, then the hypotibesis of 
radical stability explains why addition of hydrogen bromide by the abnor- 
mal rather than the normal mechanism gives complete reversal of addition 
with hydrocarbons, only partial reversal with 1-bromopropene (to give 
esxclusively 1,2-dibromopropane), and no change when the ethylene bond 
is conjugated with the carboxyl group. 

This hypothesis su^ests that the addition of hydrogen bromide to such 
conjugated double bonds may take place through two mechanisms to give 
only one product. Addition by the normal mechanism must be fast as 
compared -with addition by the chain mechanism, in order to agree with the 
following qualitative rate indications. The rate of addition of hydrogen 
bromide to crotonic acid and its ethyl ester is unaffected by peroxides, 
evmi when the normal addition is retarded by the use of an inert solvent 
(162). These conclusions as to the relative rates of addition by the two 
mechanisms are in agremnent with experiments (to be described in section 
y, C) on the relative rates of isomerization of maleic acid to fumaric acid 
by corresponding mechanisms. Smith (141) has suggested that since 
eihylene bonds conji^ted witb carboxyl groups should be represented by 
the formula 


H H pk 

R— 0-(L:(^R' 


and that since there is no “accumulation” of electrons on the cx-carbon 
atom, there is no tendency for the bromine atom to attack this position or 
for abnormal addition to occur. This explanation is in good agreement 
with the qualitative observations on the rate of addition of hydrogen 
bromide, but not with the isomerization studies mentioned. In the opin- 
ion of the writers, no explanation yet proposed for the absence of abnormal 
addition to conjugated systems is wholly satisfactory. 

In order to obtain the addition product from the free radical formed in 
reaction 6, reaction 7 is necessary. This latter step regenerates a bromine 
atom, so that the chain reactions (6 and 7) can coniinue indefizdtely. 
The inhibition of the abnormal reaction by small quantities of antioxidants 
is excellent evidence that this reaction is of the chain type. The small 
amoimts of antioxidants usually needed to inhibit and the small amotmts of 
peroxides necessary to cause abnormal addition indicate that the chains 
must be very long. If 0.(6 mole per cent of o^gen causes nearly com- 
plete abnormal addition to allyl bromide (154), and if each molecule of 
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oxygen generates four bromine atoms by oxidizii^ hydrogen bromide, then 
the average chain length is at least 1000. If the efficiency in generating 
bromine atoms is low, as seems likely, then the chains must be much longer. 
These chain lengths, together with the observed h^h velocity of the ab- 
normal addition and the known instability of aliphatic free radicals, in- 
dicate that both steps in the chain reaction must take place very rapidly 
and with little or no activation energy. The inhibition of the reaction by 
antioxidants streets that these function by reacting with bromine atoms. 
It is also possible, as originally si^gested (53), that antioxidants to some 
extent destroy organic pmroxides. Other observations on the abnormal 
addition are consistent with the chain mechanism suggested. The ab- 
normal reaction is retarded by glass wool (139), althov^h apparently not 
by coarser packing (155). When non-polar solvents are used, the absence 


TABLE 7 

Heats of addition of halogen adds to double bonds* 


Aff (nt nLOOXAlt-OiOABlIS uoui) 


axET m couN BaAsnoM 



X«P 

X*Cl 

X»Br 

X-I 

(6) RCH=CH, -1- X*-» RGHCHjX 

64; 66 

27; 26 

13 

-l;+4 

(7) RCHCHaX + HX RCHaCHaX + X* . 

-60 

-16 

0 

16 


* When two values are given for A?, the first is based on the bond-energy estimates 
of Sherman and Ewell (31), the second on the estimates of Patiling (124). One 
value for AF indicates that both sources give the same result. 


of a large dilution effect (113) shows that the abnormal reaction cannot be 
of second or third order. 

It will now be indicated why hydrogen bromide is the only halogen add 
capable of giving an abnormal addition. The exposition assumes that a 
rapid chain reaction is impossible when any step is appreciably endotiieiv 
mic. Table 7 gives estimates of the heats evolved in reactions 6 and 7 
for various halogen acids; it is assumed that AH for each reaction is simply 
the difference between tiie energies of the bonds formed and the energies of 
the bonds broken. The heats indicated are only approximate, for the 
bond enei^ies are none too wdl established for the molecules to which they 
axe meant to apply and are still less reliable when applied to free radicals.^ 
Table 7 shows that reaction 6 for hydrogen bromide is definitely exothermic 
and that the heat of reaction 7 is very close to zero. However, tiie addition 

Actually, the activation energy rather than the Aff will determine the prob- 
ability of reaction. Because long chains occur in some additions, it is assumed here 
that the activation energy is small when ABT is positive or zero. ' . 
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of hydrogen chloride by the same mechanism encounters difficulty ia two 
places, reactions 5 and 7. Since the oxidation of hydrogen bromide is 
ordinarily slow (reaction 5), the oxidation of hydrogen chloride is probably 
slower, possibly n^ligible. In reaction 7 the carbon-chlorine bond formed 
is weaker than the hydrogen-chlorine bond broken; the reaction is endo- 
thermic by about 15 kg-eaL per mole, and unlikely to occur rapidly enough 
to support long chains at ordinary temperatures. Both of these difficulties 
apply also to hydrogen fluoride and to most other acids. Attempts to 
reverse the direction of addition of sulfuric acid to propene, 1-pentene, and 
2-pentene have failed (14). 

In the addition of hydrogen iodide, reactions 5 and 7 should proceed 
easily, but reaction 6 may not. Another difficulty with the addition of 
hydrogen iodide is that the normal addition is ordinarily rapid and is 
further catalyzed by molecular iodine. Any reagent which generates 
iodine atoms must necessarily generate also the catal3^t for the normal 
addition. Still another possibility is that iodine, since it does not add 
readily to alkenes, may accumulate in the reaction mixture and inhibit any 
possible abnormal addition of hydrogen iodide by an iodine-atom mech- 
anism. According to the chain mechaniian proposed, the unsymmetrical 
reagents, HX, which can add by a chain mechanism are restricted to 
narrow limits. The requisites are as follows: the radical (or atom) X must 
be able to break a carbon-carbon double bond and add to one carbon atom; 
the free radical formed must be able to take a hydrogen atom away from 
HX to regenerate another X radical. It will be shown later that this 
mechanism can also be applied to additions of mercaptans and bisulfltes. 

The next abnormal additions to be considered are those occurring when 
air and peroxides have been excluded from reaction mixtures (135, 136) and 
when antioxidants have been added (25, 70, 117). The discussion of anti- 
oxidants showed that these substances exert effects ranging from complete 
to barely perceptible repression of the abnormal addition. Since different 
antioxidants have variable effects under the same experimental conditions, 
the occasional failure of the best antioxidants and the more frequent failure 
of inferior inhibitors indicate only that the proportions used or the inhibit- 
ii^ qualities of the compounds were inadequate; they do not indicate a 
difference in the nature of the abnormal reaction. It is thus proved for tihe 
weaker antioxi<huits, and inferred for the rest, that only a small proportion 
of the collisions of a bromine atom with an antioxidant molecule are effec- 
tive in terminating chains. The smaller this proportion, the greater must 
be the chain lengths and the fewer the number of bromine atoms necessary 
to cause abnormal addition. Since there is no basis for estimating an 
upper limit on chain lengths, it can be aigued that traces of peroxides and 
oxj&m which would defy elimination or detection by any known method 
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may be wholly responsible for all abnonnal addition reactions. On the 
other hand, infinitesimal quantities of atoms or radicals may appear spon- 
taneously in the solution with the result that chains are initiated. The 
dissociation of hydrogen bromide into atoms would require 87 kg-cal. per 
mole (31, 124), but the dissociation of a carbon-bromine bond in an alkyl 
halide requires on the average only 50 to 60 kg-cal. Such a dissociation 
might initiate two chains if the free radical reacted with hydrogen bromide 
to give an alkene and a bromine atom. Sherman, Quimby, and Sutherland 
(134)^’’ have utilized such a chain-initiating step in calculating the activa- 
tion energy of the addition of hydrogen bromide to vinyl bromide by the 
chain mechanism just described, and have arrived at a value of 29 kg-cal., 
one-half the estimated strength of the carbon-bromine bond. If this value 
is approximately correct, the abnonnal addition can be initiated without 
the assistance of oxygen or peroxides. Such an activation energy, how- 
ever, is probably higher than that for most normal addition reactions; hence 
appreciable abnonnal addition of spontaneous or%in could be ^pected 
only when the normal addition is very slow. Although oxygen and perox- 
ides are usually responsible for the abnormal addition of hydrogen bromide 
to {dkenes, it is futile at present either to assert or to deny that they are 
always entirely responsible. The significant aspects of the peroxide effect 
in additions of halogen acids are that abnormal addition takes place only 
with hydrogen bromide, and then by a chain mechanism, and that oxygen 
and peroxides are largely, if not entirely, responsible for this reaction. 

6. Oth&r mechanisms proposed Jor abnormal addition 

The first mechanism to be proposed for abnormal addition was that of 
Urushibara and Takebayashi (155). Because iron and certain other 
metids also caused abnormal addition, they suggested that the effect of 
oxygen was due to its paramagnetic properties. The oxygen or metal 
was supposed to exert a physical influence on the surrounding alkene molec- 
ules such that the polarity of the double bond was affected. The diort- 
comings of this hypothesis have been mentioned elsewhere (87), and are 
admitted by at least one of the above workers (151), who now favors tiie 
bromine-atom chain mechanism. 

Wlnstein and Lucas (165) have proposed an explanation for abnormal 
addition to a double bond the polarity of which (as indicated ly fhe n<Mf- 

1 I 

mal addition) is — C — C — . They suggested that oxygen forms with 

+ - 

^ These workers proposed the chain mechanism, for both the ncwmal and the 
abnormal additions of all halogen acids to aikenes a year before investigators in thia 
laboratory suggested it only for the abnormal addition of hydrogen bromide. 
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double bonds of this type a comply represented by the following resonance 
forms: 



If the second form makes Hie larger contribution to the complex, the pro- 
ton of the attacking halogen acid attaches itself to the carbon atom which 
would have been relatively positive in the pure ^ene. The oxygen is 
then displaced by a bromide ion, and abnormal addition results. Ck>nn, 
Kistiakowsky, and Smith (20) concur essentially in this suggestion. How- 
ever, such behavior of an oi^i^gen molecule in formii^ successive loose 
complexes with several hundred molecules of alkene is not wholly consist- 
ent with the rapid irreversible reaction of oxygen on alkenes in the presence 
of hydrogen bromide (151). 

Michael (114, 117) has recently attacked all previous mechanisms for 
abnormal addition and has su^ested one of his own. On the basis that 
or^g^ in the atmosphere or in the molecules of the solvents is negative, 
he proposes that oxygen from either source may become associated with 
the more positive of the doubly bound carbon atoms, thus making this 
atom relativdy negative. If the effect of oxygen (or oxygen compound) is 
sufficient to reverse the polarity of the double bond, then the addition of 
halogen acid is also reversed. 

All of these hypotheses may be said to account for an abnormal addition 
of hydrogen bromide, but all f^ to indicate why hydrogen chloride and 
hydrogen iodide do not give a similar reaction. Further, all of them except 
that of Urushibara and Takebayashi fail to explain why some finely divided 
metals cause abnormal addition. This latter effect wfil soon be contidered 
in the li^t of the chain mechanism. 

7. The injhienee of experimental conditions on additions of hydrogen bromide 

The following discussion of the effects of solvents, temperature, light> 
and metals on the liquid-phase addition of hydrogen bromide to alkenes 
will assume that all of the abnormal product results from addition of hydro- 
gen bromide by the bromino-atom chain mechanism, whereas all of the 
normsd product results from addition by other mechanisms. The reaction 
product obtained is the result of competition between the two mechanisms; 
hence its compotition may vary from one extreme to the other. Experi- 
mental conditions may favor one mechanism and lunder the other, but 
the fact that the direction of addition of hydrogen chloride and hydrr^en 
iodide has not yet been certainly (44, 84) altered by any agent indicates 
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that these coaditioiis affect the halogen acid or its mechanic of addition, 
and not the unsaturated compound. 

Solvents principally affect the rate of the normal addition reaction. 
Because of the high order of this reaction, its rate is greatly decreased by 
dilution -with inert solvents, and the abnormal addition may then outrun 
the normal reaction. This effect is strikingly demonstrated in the addition 
of hydrogen bromide to propene. When no solvent is used, the normal 
addition requires only a few minutes and abnormal addition is difficult to 
obtain, except in the presence of added peroxides (64). But when the 
reaction mixture is diluted with about ten volumes of pentane, abnormal 
addition is substantially complete** within half an hour at 0®C., even when 
tike reaction mixture is prepared from purified materials in the absence 
of air (113). However, the addition of an antioxidant prevents abnormal 
addition; then several weeks are required for the normal reaction. Smith 
has shown that, at high dilution, the addition to undecenoic acid is highly 
sensitive to the presence of air (140). Both observations show clearly 
how dilution affects the competition between the two mechanisms, why 
past claims that a direct solvent effect is responsible for abnormal addition 
are open to serious doubt, and how a peroxide effect may be obtained with 
alkenes to which normal addition is rapid. 

Small amoimts of polar solvents such as water and acetic acid may 
increase the rate of the normal addition, probably because of dielectric 
effects and the change from a molecular to an ionic mechanism. This 
acceleration is partly responsible for the small amount of abnormal addi- 
tion in polar solvents. Some solvents may, however, be weak inhibitors 
of abnormal addition, as will be indicated in the discussions of the tem- 
perature and light effects. 

Table 8 summarizes work on the addition of hydrogen bromide to alkenes 
in solvents. All the experiments listed fulfill the following conditions: 

(а) they have been carried out since the discovery of the peroxide ^ect; 

(б) both products have been obtained in the same solvent by the same 
workers; (c) either addition product can be made to predominate by the 
suitable use of oxygen, peroxides, or antioxidants. The facts that a large 
variety of alkenes and solvents have been employed, and that many dif- 
ferent workers have participated in obtmiiing these results, are convincing 
evidence that the mechanism of addition is the factor which determines 
tire composition of the addition product. 

“ Such a velocity would lead one to expect considerable abnormal addition in the 
absence of a solvent and of air, but no such reaction has actually been observed. 
If some association product of hydrogen bromide or propene or bolh is a weak in- 
lubitor of abnormal addition, then this reaction, in asreeriient with qualitative in- 
dications, would be accelerated by dilution. 
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Some workers in the field disi^ee with the above conclusion, and maia- 
tain that solvents immediately affect the direction of addition, presumably 
through their effect on the polarity of the double bond. Gaubert, Lin- 
stead, and Rydon base their contention on the inability of diphenylamine 
to prevent formation of primary bromides from terminally unsaturated 
adds in hexane solution (25). Sherrill and coworkers (135, 136) insist 
that their 1-alkenes were peroxide-free and that the formation of primary 


TABLE 8 

Soleents in which hydrogen bromide yields either of two addition prodwds 


ALEZNB 

SOLTBKIS EMPLOnSD 

BBFBBBNCXS 

AUyl bromide 

Water, 90% acetic acid, propionic acid, 
ligroin, carbon disulfide, chloroform, 
carbon tetrachloride, 1,2-dibromopropane, 
1,3-dibromopropane, acetyl bromide* 

(63) 

Vinyl bromide 

Acetic acid, nitrobenzene 

(54) 

Vinyl chloride 

Acetic acid, nitrobenzene, mesitylene 

(57) 

Propene 

Pentane, acetic acid 

(60, 113) 

1-Butene 

Ligroin 

(58) 

1-Pentene 

Pentane, propionic acid 

(61) 

Isobutylene 

Pentane, carbon disulfide, propionic acid, 
ethyl bromide, benzonitrile, nitrobenzene, 
water 

(65) 

Trimethylethylene ^ 

Pentane, ethyl bromide, ether, methanol, 
ethanol, acetic acid* 

(117, 162) 

Styrene 

Pentane 

(162) 

2-Bromo-2-butene 

Acetic acid 

(161) 

2-Bromo-l-hexei3Le 

Benzene 

(168) 

Allylacetic acid 

Hexane 

(64) 

Ai®-Undecenoic acid. . . . 

Ligroin, hexane, toluene, benzene, carbon 
disulfide, carbon tetrachloride, chloroform 

(4,35) 

Ethyl A“-undecenoate . . 

Benzene, ligroin 

(5) 

Undecenyl acetate 

Benzene, ligroin 

(5) 

Undecynoic acid 

Benzene 

(35) 

In the experiments indicated in these two solventSi less than 50 per cent ab- 


normal addition in the presence of idr or peroxides was observed. 

bromides in solvents must therefore be a solvent effect. Tliey used no 
antioxidants. Michael and coworkers claim to have demonstiated a 
solvent effect in the addition of hydrogen bromide to tetrolic and phenyl- 
propiolic acids (table 3) and to trimethylethylene (table 8). In the first 
instance, they employed no antioxidants; in the second, the '^solvent 
effect” was diminished by antioxidants and vanished in experiments with 
hydrogen ddoride (table 1) or hydrogen iodide (table 2). The reviewers 
question not tire experimental results of these workers, but their conclusions. 
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An effect of the solvent on the polaxity of the double bond, and thus 
on the direction of normal addition, would be most likely in instances 
where the normal addition product is a mixture, and where the directing 
effects of the substituents on the doubly bound carbon atoms are nearly 
balanced. No such effect has yet been reported with this type of ethylene 
derivative. The addition of hydrogen bronoide to 2-pentene has been 
carried out without a solvent and in acetic acid solution (77). With 
A*-undecenoic acid the reaction has been run in ligroin, hexane, benzene, 
and acetic acid (2, 34) . In all cases, the addition product consisted, within 
experimental error, of equal proportions of the two possible halides. The 
fact that no solvent effect on the direction of normal addition has yet been 
established does not prove that none will ever be found, but the edstence 
of such an effect should be demonstrated, not with hydrogen bromide 
(which is the only halogen acid capable of addition by an abnormal mecha- 
nism) but with hydrogen chloride or hydrogen iodide. 

Increasing the reaction temperature generally increases the difficulty 
of ehmiaatii^ abnormal addition. Air does not cause much abnormal 
addition to pure allyl bromide at 0®C., but it does at room temperature (53). 
Removal of air prevents abnormal addition at room temperature, but this 
procedure becomes ineffective at 76®C. However, the addition of an anti- 
oxidant reduces the proportion of abnormal addition product to about 10 
per cent, even at 100'’C., indicating that the effect of temperature is on the 
relative rates of the normal and abnormal addition inactions, and not on 
the allyl bromide (see footnote 3). Vinyl bromide (54) and vinyl chloride 
(57), to which the normal additions are slower, presmit similar difficulties 
b^^nning at lower temperatures, for antioxidants ‘are always required to 
elimmate abnormal addition to these substances at room temperature, 
and partial failmre of antioxidants has been observed at 46° and 76°C., 
respectively. 

Abnormal addition to allyl bromide (53) and trimethylethylene (117) 
has been observed at — 78°C. with small quantities of peroxides, showing 
that long chains are formed and that their propagation requires a negligible 
activation eneigy. Differences in the effectiveness of different anti- 
oxidants indicate that at least some, and probably all (ff them, require 
at least a small activation energy for reaction with bromine atoms. It 
follows that the proportion of effective coUimons betwe^ a bromine at(Hn 
and an antioxidant must increase as the temperature rise&^^ Iberefore, 
the increasii^ predominance of abnormal addition at high temperatures 
in the presmice of antioxidants caimot be ascribed to increased chain 
lez^ths, but must be due to tine origin of many more chains. Although the 

y’ This phenomenon has been observed when alcohols, acetic acid, or acetyl 
bromide have been used as solvents; it will be described shortly. 
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decomposition of peroxides or their reaction 'with hydrogen bromide may 
have a hi^ temperature coefficient, either reaction should lead to rapid 
exhaustion of traces of peroxides in experiments from which air has been 
excluded. Here the spontaneous origin of chains (i.e., without the influ- 
ence of oxj^en and peroxides), a reaction of high activation energy and 
high temperature coefficient, may become signiflcant. The normal addi- 
tion*of hydrogen bromide to ailyl bromide and ■dnyl bromide has a tem- 
perature coefficient of about 2 for lO^C. That of the abnormal addition 
is much larger, at least over certain ranges of temperature. 

The temperature ^ect in solvents fits into the scheme already outlined. 
K the solvent (Ugroin, chloroform, carbon tetrachloride with allyl bromide 
(53), etirer wi-th -trimethylethylene (117)) decreases the rate of normal 
reaction, then the abnormal addition becomes more prominent and appears 
at a lower temperature. If the solvent (acetic acid, water, acetyl bromide 
with allyl bromide) increase the rate of the normal reaction, then abnormal 
addition becomes less prominent. 

The fact that abnormal addition is easily obtained in many solvents 
indicates that their inhibiting properties are usually negligible. Never- 
theless, almost any of the aliphatic solvents in table 8 can react 'with 
bromine atoms, as shown by the mechanism of aliphatic substitution. 
In the solvents which inhibit, the effect increases with increasing tempera- 
ture. In the presence of i)eroxides, no abnonnal addition to trimethyl- 
ethylene takes place in ethanol solution at 20°C. or in methanol at O^C., 
but the proportion of abnormal addition increases at lower temperatures 
(117). Acetic add and acetyl bromide seem to have definite inhibiting 
properties in additions to allyl bromide at 76°C.; moreover, in the Ight, 
acetic acid seems to be a better inhibitor of abnonnal addition at 25°C. 
tiian at lO^C. Ordinarily, little difficulty is encountered in obtaining 
abnormal addition in glacial acetic acid (c/. table 8), but experiments 'with 
allyl bromide in this solvent show that small amounts of admixed water 
favor abnormal addition. 

Light accelerates both the normal and the abnormal additions of hydro- 
gen bromide to allyl bromide (53) and vinyl bromide (54), but the effect 
on the abnonnal addition is usually far greater than on the normal reaction. 
The rate of addition to allyl bromide in the light is greatest in the presence 
of air, slower in the absence of air, and stUl tiower in the presence of added 
antioxidants. In the first two instances, the abnormal addition product 
is formed exclusively; in the last, predominantly. These observations 
are corroborated by others made on -vinyl chloride (57) and trichloro- 
ethylene (74). 

In additions to aUyi bromide in the light, the effects of various spectral 
r^ons and of solvents have been investigated. In the absence of air 
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and antioxidauts, abnormal addition was substantially complete in 1 to 
4 hr., regardless of whether the light supplied was near ultraviolet, red and 
infrared together, or a combination of either with visible light.^® In the 
presence of 1.4 mole per cent of diphenylamine, a combination of red and 
infrared light was clearly shown to accelerate the normal addition by a 
factor of 5 to 10 without causing much abnormal addition. Visible and 
near ultraviolet radiation gave increasing proportions (up to 74 per cent) 
of abnormal addition product at about the same total reaction rate. 
Thus the shorter wave lengths make repression of abnormal addition more 
difficult. In the absence of air and antioxidants, abnormal addition occurs 
exclusively when heptane, carbon disuMde, acetyl bromide, or benzoyl 
chloride are used as solvents. In acetic acid solution, only very sTnn.11 
proportions of abnormal addition product are obtained; none of this 
product is formed in the presence of hydroquinone. Comparison of these 
experiments with those carried out in the absence of a solvent indicates 
that acetic acid has some inhibiting properties for the abnormal addition, 
and that the effect of light on the competition between the normal and 
abnormal reactions is much like that of increased temperature. 

Inasmuch as the individual effects of light and temperature on the rates 
of the normal and abnormal additions are known only qualitatively, and 
since the effects' of temperature on the inhibiting properties of solvents 
and antioxidants have not been isolated, the combined effects of light and 
temperature cannot yet be completely resolved. The effect of lowering 
the reaction temperature in the photochemical addition of hydrogen bro- 
mide to vinyl bromide (54) is impressive. Althoi^ no normal addition 
occurs at room temperature in the presence of antioxidants, a 50 to 60 
per cent yield of an 80 per cent normal product was obtained in 16 hr. at 
5®G. Thus not only was the proportion of abnonnal addition greatiy 
reduced by lowering the temperature, but the normal addition product 
was formed at the rate of about 3 per cent per hour, as against 1 per cent 
per day in the dark at room temperature, — an increase by a factor of 
about 70 in spite of a 20®C. temperature decrease. The case of allyl 
bromide is less clear-cut. The effect of light in accelerating the normal 
addition is smaller, and lowering the reaction temperature in the presence 
of antioxidants does not significantly increase the proportion of BOEmcd 
addition product.^* The available data do not permit ^tinnatibn of the 

Comparisons of rates are not possible, because the amount of light transmitted 
by the filters is not known. 

T* Eharasch and Mjqto (53), using thiooresol as an antioridant, observed 71 per 
cent and 30 per cent normtd addition at 5°C. and at room temperature, respectively, 
but in view of the fact that the combined yields of both addition products were 
54 per cent and 91 per cent, respectively, and that normal addition is fastest during 
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effect of li^t on the rates of the two possible additions in glacial acetic 
add solution, but they show condusivdy that in the light more abnormal 
addition takes place at 5°C. tiian at room temperature. This fact can 
be eq>lained by the assumption that acetic acid is less effective as an 
inhibitor at lower tmiperatures. Such a conclusion is condstent witii 
observations made at higher temperatures or in the presence of alcohols. 
It may be noted that at 5°C. a reaction mixture containing diphenylamine 
reacted more slowly than one containing oxygen and gave sightly less 
abnormal addition product, — a fact which may be taken to indicate that 
the effect of li^t in accelerating the abnormal addition is large compared 
with that of oxygen. 

The accderation of both the normal and abnormal addition by light, 
the increased light effect in the presence of oxygen, some relations between 
the combined effects of light and temperature, and the partial and variable 
effects of antioxidants in repressing abnormal addition in the light all 
show the close analogy between the effect of light and that of increai^ 
temperature. These observations are consistent with the concept that all 
abnormal addition products result from a reaction by the chain mechanism. 
Since the ^ect of l^ht is greatest in the presence of os^gen, illumination 
apparently accelerates peroxide formation and oxidation of hydrogen bro- 
mide, but it apparently also serves to initiate chains without the assistance 
of oxygen. The fact that l^t accelerates the normal (as well as the 
abnormal) addition, and that the effect is much greater witii vinyl bromide 
than with allyl bromide, ^ows that either the alkene, its complex with 
hydrogen bromide, or some impurity absorbs visible radiation. The 
greater effectiveness of the shorter wave lengths in accderating abnormal 
addition to ally! bromide is conmstent with the greater activation energy 
of this reaction. Although in the absence of air and peroxides, reaction 
mixtures usually remain colorless in the dark, the presence of oxygen, 
peroxides, or light usually leads to the development of variable quantities 
of dark-colored materials. These may assist in the transference of energy 
to substances which otherwise absorb only weakly. 

It was found by Urushibara and Takebayashi that, if the addition of 
hydrogen bromide to allyl bromide takes place in the presence of finely 
divided and freshly reduced iron, nickel, or cobalt, varying quantities of 
abnormal product are formed, even in tiie presence of some antioxidants. 


the first part of the reaction when the concentrations of reactants are highest, 
the conclusion that temperature lowering increases the yield of normal addition 
product is not justified. A recent experiment with catechol at S-IO^O. (112) gave 
in 65 hr. a 92 per cent yield of a mixture containing only 26 per cent of the normal 
ad^tion product, again indicating that temperature lowering may have no marked 
effect. 




THE PBBOXIDE EFFECT 


385 


They observed suoilax phenomeim when hydrogen bromide was added 
to undecenoic acid in toluene solution. Their work has been reviewed 
elsewhere (161) and that portion of it concerned with the effect of reduced 
iron on aUyl bromide has been confirmed, extended, and explained in a 
paper from this laboratory (87). The complete inhibition of the iron- 
promoted abnormal addition by some antioxidants, and its partial inhibi- 
tion by others {qf. table 6), are strong indications that abnonnal addition 
is the result of the bromine-atom chain mechanism. The fact that some 
hydrogen and metal bromide are formed suggests that interaction of the 
metal with hydrogen bromide or aUyl bromide sdelds some hydrogen atoms 
or free radicals. Eeaction of hydrogen atoms with hydrogen bromide or 
allyl bromide would ]deld free radicals or bromine atoms, either of which 


might initiate chains for the abnormal addition. 

Fe + HBr —* FeBr* + H« (8) 

RCH=CH2 -f H* -»■ RCHCH* (9) 

H« 4- HBr Hs H- Br» (10) 

Fe + R'Br -»• FeBr* + R'* (11) 


Thus far, iron-promoted abnormal addition has not been found with 
any alkene which gives a rapid normal addition with hydrogen bromide, 
but it has been observed with allyl chloride and possibly with vinyl bro- 
mide. Other metals have failed to cause abnormal addition to allyl bro- 
mide, because they do not react with anhydrous hydrogen bromide, because 
the bromides formed are strong catal 3 ^ for the normal addition (sec- 
tion I, A, 3), or because their bromides are strong inhibitors for the 
abnormal reaction (table 6). 

The success of the brominos.tom chain mechanism in correlating the 
metal effect with the peroxide effect, an advantage not possessed by any 
other mechanism yet proposed for either reaction, is a strong point in 
favor of this interpretation. However, the value of a hypothesis lies in 
its ability to predict new reactions as well as to explain known ones. At 
the end of this paper, it will be shown how many new applications of this 
concept have been developed since it was first formulated. 

In concluding this section dealing with the influence of exp^im^tal 
conditions on the direction of addition, the conditions which should be 
chosen to promote ather normal or abnormal addition of hydrogen bro- 
mide are summarized. To favor normal addition, this reaction may be 
accelerated by the use of high concentrations of reactants, i>articularly 
hydrog^ bromide, or by the use of fairly small proportions of polar solvents 
(acetic acid), or of <si,talysts (ferric and aluminum bromide); and tiie 
abnormal addition can be inhibited by the use of anti<mdants. To favor 
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abnormal addition, this reaction may be accelerated by the use of oxygen, 
peroxides, certain metals (iron, nickel), light, or elevated temperatures; 
the normal addition (unless it is naturally slow) should be retarded by 
dilution with inert, non-polar solvents. It should be added that any atom 
or free radical which can react with the hydrogen atom or the bromine 
atom of hydrogen bromide or with an alkene may be capable of startmg 
a reaction chain. 

8. The addition of hydrogen bromide to cyclopropane 

Cyclopropane is closely related to propene, in that both react with some 
acids and oxidizing agents to give propane derivatives. They differ in 
that cyclopropane gives 1 ,3-derivatives of propane, whereas propene gives 
1 ,2-derivatives. In an investigation of the addition of hydrogen bromide 
to cyclopropane (78), although the product was always n-propyl bromide, 
striking analogies with addition to alkenes were found in rates of reaction. 

When equimolecular mixtures of cyclopropane and hydrogen bromide 
were allowed to react in sealed tubes at room temperature in the absence 
of air and light, 50 to 60 per cent reaction took^lace in 4 hr. If 3 mole 
per cent of water or acetic acid was added to the mixture, about 90 per 
cent reaction took place in the same period, indicating that addition oc- 
curred largely through a polar molecular or ionic mechanism like that for 
the normal addition of halogen acids to alkenes. Similar proportions of 
catechol or thiocresol acted like water or acetic acid, but oxygen or visible 
light had only a small accelerating effect on the reaction. However, if 
the reaction mixture was made up of 10 moles of cyclopropane to 1 mole 
of hydrogen bromide, thus in effect diluting the previous reaction mixtures 
with 9 moles of hydrocarbon, then characteristics of the abnormal addition 
of hydrogen bromide to alkenes appeared. In the absence of oxygen and 
light, only 8 per cent reaction took place in 2 hr. Light alone increased 
this yield to 11 to 12 per cent; oxygen alone, to 81 per cent; oxygen and 
light together, to 99 per cent; peroxides and light, to 74 per cent. Catechol 
and diphenylamine had small to moderate inhibiting effects on the accel- 
erated reaction. That the effects were not larger is due to the fact that 
the antioxidants (and also water) accelerated addition by favoring the 
competing normal mechanism, as in concentrated solution. 

These phenomena suggest that oxygen and peroxides react with hydrogen 
bromide to give bromine atoms, or with cyclopropane to give free radicals, 
and that addition of hydrogen bromide may then take place through the 
following chain mechanism: 

H*Cv 

^ + Br. CHzBrCHaCHa* (12) 

CHaBrCHaCHa* + HBr ^ CHsBrCHaCHs + Br- (13) 
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In additions of hydrogen bromide to pure alkenes, light is more powerful 
than osygen in promoting abnormal addition, but the reverse is true for 
cyclopropane. Hence the analogy between alkenes and this compoimd 
is not complete. Possibly the chain may require modidcatiou to include 
oxygen (78). 

III. The Addition or Mbrcaptans and Tmo Acids to 
TJnsaturated Compounds 

A. INTEODUCTION 

A mercaptan, like a halogen acid, when it is added to an unsymmetrically 
substituted ethylene bond, can yield either of two products: 

RCH==CHj + R'SH — > RCHjCHjSR' (abnormal addition) (14) 

RCH=CHs + R'SH ->• RCH(CH 3 )SR' (normal addition) (16) 

These two possible reactions are here designated “normal” and “abnor- 
mal” additions on the assumption that mercaptans should add like halng^u 
acids. Actually, both additions have been recorded, but when the absorb- 
ing compound is a hydrocarbon, the abnormal addition reaction is the one 
commonly observed when no catalysts for the normal addition are em- 
ployed. This fact accounts for the acceptance of the rule prematurely 
proposed by Posner (125) for the addition of mercaptans to alkenes: 
namely, that the sulfur becomes attached to the carbon atom holding the 
most hydrogen atoms. The products and mechanism of the abnormal 
addition of mercaptans to alkenes will be first discussed; then those of 
the normal addition reaction. It will be shown that botii have much in 
common with the additions of hydrogen bromide. Finally, the range of 
applicability of both reactions wfll be indicated. 

Although mercaptans usually add abnormally, there is no evidence of 
such an addition for hydrogen sulfide, which adds only at fairly h^ tem- 
peratures. Under pressure and below 200®C., all the mercaptans and 
sulfides obtained are normal addition products, and their formation is 
catalyzed by sulfur (45, 49). The vapor-phase reaction at atmospheiic 
pressure has been studied at 200-300'’C. over a nickel-kieselguhr catalyst 
(9) and at 300°C. over silica gel (108). In the first instance, 5 to 25 per 
cent of a mixture containing about 65 per cent of isopropyl mercaptan and 
35 per cent of n-propyl mercaptan was obtained from propene. This reac- 
tion product was considered to be an equilibrium mixture of the two 
possible addition products (c/. footnote 3). In the second instance, meiv 
eaptans, sulfides, and thiophene derivatives of unknown structure were 
obtained. 
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B. TEES ABNOBim. ADDmON OF MBBCSAFTANTS AJNB THIO AdBS 

It has been dearly show (6, 16, 49, 76) that the abnormal addition of 
mercaptans to alkenes is catalyssed by o:^gen and peroxides, that it is 
inhibited by hydroqninone and piperidine, and ihat it is accelerated by 
light. The peroxides formed when an alkene is exposed to air are sufficient 
to catalyze the abnormal addition; careful purification of the reactants 
and exdusion of air prevents, or greatly retards, any addition. Table 9 
summarizes the evidence that the abnormal addition of mercaptans to 
allcenes can be inhibited by antioxidants, and initiated by osygen or per- 
oxides, particularly in the presence of light. It is therefore a chain 
reaction. The structures of the products formed also supply excdlent 
evidence that the addition does not proceed throu^ a polar or ionic 
mechanism. Table 10 lists other reactions which show that abnormal 
addition products are commonly formed when air is not excluded. Table 9 
records two instances in which both normal and abnormal addition 
products are formed, although the latter predominate. In every other 
addition listed in either table, the abnormal addition product is formed 
exclusivdy. The known examples include both aliphatic and aromatic 
mercaptans, mercaptoacetic acid, and thioacetic acid; the alkenes contain 
aromatic and aliphatie substituents, but all except trimethylethylene have 
terminal double bonds. 

In 1934, Burkhardt (16) mentioned that the abnormal addition of thio- 
phenol to styrene might be due to the presence of “sulfur in a positive ion 
or in an oxidiring form,’’ posdbly as a free radical, and possibly through a 
chain reaction. A more definite proposal that the abnormal addition takes 
place through a chain reaction involving free radicals was subsequently 
made from this laboratory (76): 

ESH + O 2 (or peroxide) — . Bfi. + HOs* (16) 

ES» + E'CH===GH2 — ^ R'CHCHsSR (AH = 13 kg-cal. per mole) (17) 

R'CTCHjSR + RSH R'CHjCHjSR + RS» (Aff = 0) (18) 

The ^ects of oxygen, peroxides, light, and antioxidants and the nature of 
the addition product so resemble those observed in the abnormal addition 
of hydrogm bromide that little further commit on these points is neces- 
sary. In both instances, the heats of reaction of the corresponding steps, 
as calculated from animated bond energies (124), are almost identical 
(qf. table 7). The well-known easy oxidation of mercaptans to disulfides 
and the suggested dissodation of disulfides into free radicals (132) further 
support the mechanism suggested. 

Substantial addition of mercaptoacetic acid to styrene in the absence 
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of Bolvents requires a few minutes (76) or a few hours (40) at room tem- 
perature, the rate apparently depending upon the purity of the materials 
and the presence of light. The addition is said to be about as fast in 
glacial acetic acid solution as in the absence of a solvent, but it is much 
slower in benzene (40). There is accordii^ly a difference between hydro- 
gen bromide and mercaptans with respect to the effect exerted by inert sol- 
vents on the rates of the respective abnormal additions of these substance. 

C. THE NOBUAl/ ADDmON 07 MSSCAPTANS 

Until recently, the only examples of normal addition of mercaptans to 
double bonds involved alkenes in which these bonds were conjugated with 
carbonyl groups, and there only the normal addition was observed. The 
hydrogen of the mercaptan becomes attached to the a-carbon atom and 
the sulfur to the |3-carbon atom of the unsaturated acid or ketone (121, 

145). Such additions are catalyzed by both acids (hydrogen chloride in 
acetic acid) and bases (piperidine or sodium elhylate). The unilateral 
addition of mercaptans to such double bonds agrees closely with the 
behavior of hydrogen bromide; so also does the formation of two products 
in tibe one known instance of addition to a triple bond conjugated with a 
carbonyl group. The following reaction is reported to occur in toluene 
solution at room temperature (22) : 

C,H* 

C — S — CgEU 

, oaooo 

CWStC^COOCsHt -f »7»-C!,H4(SNa)* 

\ 'CH 

^ i _ (20) 

C-S— C»H* 
CjHsOOd^ 

Of the three structurally distinct products possible, only the two i^ym- 
metrical ones are reported. 

Table 11 summarizes normal additions of mercaptans to hydrocarbons, 
a catalyst being required in every case. Jones and Beid (49) found that 
sulfur catalyzes the normal addition; Ipatieff, IWs, and Friednoan state 
that sulfuric acid is also effective. The use of sulfuric acid was introduced 
by Posner (125), who, howeva:, thought that it acederated the abnormal 
addition. The mechanism of normal addition of mercaptans is unknown, 
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under pressure at 36~200®C. (patent claim). 
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but several analogies to the normal additions of halogen acids can be 
pointed out: (a) The catal 3 rais of mercaptan addition by sulfuric acid 
resembles the participation of two molecules of halogen acid in the addi- 
tion of one such molecule, and suggests that the alkene-acid complex 
reacts with mercaptan. (6) The catalysis of mercaptan addition by bases 
recalls the accelerating effect of ammonium salts on halogen acid ad^tions, 
and suggests that mercaptide ion may sometimes participate in the reac- 
tion. (c) Catalysis by sulfur resembles the catalysis of hydrogen iodide 
addition by iodine, (d) Catalysis by metal sulffdes is somewhat analogous 
to catalysis of halogen acid additions by metal halides. 

The fact that an alkene is symmetrically substituted does not prevent 
the addition of a mercaptan from taking place through two distinct mecha- 
nisms. The addition of ethyl mercaptan to cyclohexene is catalyzed by 
either peroxides or sulfiur, although cyclohexyl ethyl sulffde is the only 
possible product. Peroxide catalysis is prevented by hydroquinone, with 
the result that no addition takes place (49). 

D. SCOPE OE THE UEBCAFTaH-ALEENE BEACnOH 

The following work is cited to indicate the applicability of the mer- 
captan-aJkene reaction, but, except in additions to ethylene, the structures 
of the addition products have not been established. Posner (125) found 
that thiophenol or ben^l mercaptan would add to a lai^e ntunber of solid 
and liquid hydrocarbons, the only exceptions noted being stilbene and 
1,4-diphenylbutadiene. He obtained no significant addition to ethylene 
or propene at ordinary temperatures, but Jones and Reid (49) added 
ethyl mercaptan and trimethylene dimercaptan to ethylmie at high tem- 
peratures and pressures in the presence of sulfur. Yon Braun and 
Plate (13) explained the ready polsntnerization of allyl, crotyl, furfuiyl, 
and cinnamyl mercaptans by the interaction of sulfhydryl groups with 
double bon^. Holmberg (^) found that mercaptoacetic acid added 
readily to cinnamyl alcohol, its acetate, and its benzoate. The ready 
addition of mercaptoacetic acid to many unsaturated compounds and the 
easy estunation of the sulfhydryl group have led to the use of this reaction 
in the determination of the degree of unsaturation in oils, fats (7), and 
gasoline (42). It is stated that peroxides in the latter instance retard 
tile reaction of 2-octene, a claim not in accord with any other available 
information. 

Morgan and IHedman (118) have studied the rate and extent of addi- 
tion of mercaptoacetic acid, cysteine, and glutathione to maleic add. 
They used evacuated reaction tubes and buffered aqueous solutions of 
sodium salts at a pH of 7.4 and a temperature of 37°C. Part of the maleic 
acid which did not react was isomerized to fumaric acid, a point to be 
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considered in a later section. HowevOT, none of these mercaptan deriva- 
tives was found to add to fumaric, citraconic, mesaconic, or ce-phenyl- 
/3-styrylmalmc adds or to ds- and fo-ons-cinnamic acids. 

IV. The IlE!A.cnoN op Bistilpites with Unsatubatbd CoMPOurms 

A. INTEODUCnON 

It has long been known that ammonium and alkali-metal bisulfites in 
aqueous solution add to carbon double bonds, thus forming alkyl sulfonates : 

EiII»0=CB«R4 + NaHSOs RiEiCHCEaIU(SOsNa) (21) 

Until recently, the best-known of these additions were those to aldehydes, 
ketones, and acids unsaturated in the a,j3-positions (144). Here the 
products were exclusively those which correspond to the ones obtained by 
normal addition of halogen acids, — ^the proton going to the o-carbon atom, 
the sulfonate group to the j3-carbon atom. It has also been shown that 
bisulfites sometimes add to double bonds in alcohols, in aldehydes, and 
in liquid and gaseous hydrocarbons where these bonds are not conjugated 
with carbonyl groups (for references see 75, 144), but the structures of 
most of the products are unknown. Ethylene and cyolohexene give only 
one addition product; allyl alcohol was concluded to 3 deld 3-hydroxy- 
propyl-l-sulfonate; the structure assigned to the styrene addition product 
(6) was in error (75). 

Kolker and Lapworth (100) shook their reaction mixtures with kieselguhr 
in order to Tnn.iiitji.in contact between hydrocarbon and water solution, 
and tiius obtained addition products from several hydrocarbons. They 
noted that dilution of the bisulfite solution favored reaction. Otiier work- 
ers found that refluxing the reactants was sometimes successful; still others 
reported that reaction often failed to take place in sealed tubes, even at 
h^her temperatures. Some of these observations si^^ested that the addi- 
tion of bisulfite to unconjugated double bonds may take place through a 
radical-chain mechanism, and subsequent work agrees with this hypothe- 
sis. Since the reaction with aliphatic double bonds seems to consist 
mostly, if not entirely, of simple addition, it wiU be discussed first. The 
more complicated reaction with st 3 rrene will be considered later. 

B. THE ADDinOH OP BISULFITES TO ALIPHATIC UNSATUBATEB COUPOUHDS 

The work dealing with, the effect of oxidizing agents on the addition of 
bisulfites to alkenes has been carried out largely in this laboratory; the 
three different techniques ^ployed will be indicated. Except with allyl 
alcohol, aU tiie additions of bisulfites were carried out at room temperature. 

Bisulfites were added to ethylene, propene, and isobutylene (75, 29) 
by shaking an aqueous solution of the salts with the gas under pressures 
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of 15 to 40 pounds per square inch. Under these conditions the gases in 
question did not react with bisulfites in the absence of oxygen. Admission 
of a little air permitted reaction to proceed only temporarily, and repeated 
intermittent admissions were required to obtain substantial]^ complete 
reaction of the bisulfite. Based on the amoimt of bisulfite consumed, 
propene and isobutylene gave as much as 56 per cent and 62 per cent, 
respectively, of organic sulfonates, the remainder of the salt being oxidized 
to bisulfate. Ethylene gave lower yields. The products isolated were 
exclusively the primary sulfonates, corresponding to an abnormal addition 
of hydrogen bromide or mercaptan. No normal addition of bisulfite is 
known where the double bond is not conjugated with a carbonyl group. 
When such conjugation occurs, there is no peroxide effect; experiments 
with crotonic acid (96) show that, just as in hydrogen bromide additions, 
oxygen here has no effect either on the rate or the direction of addition. 

Liquid cyclohexene, 2-pentene, trimethylethylene, 2,4,4-trimethyl- 
2-pentene, isoprene, and pinene were shaken with bisulfite solutions under 
constant oxygen pressures (130). Oxygen was consumed slowly durii^ 
the course of the reaction, and, if the supply was interrupted, interaction 
of the hydrocarbon with bisulfite also stopped. The first three of the 
substances named gave as much as 90 per cent or more of sulfonates, the 
yields being greatest at 30 mm. of oxygen and decreasing progressivdy at 
162 or 760 mm. The last three alkenes reacted less easily and gave yidds 
of only 15 to 20 per cent. Cyclohexene gave a cyclohesylsulfonate; no 
other addition products were identified. The product from isoprene still 
contained one double bond; that from pinene was unstable. Trimethyl- 
ethylene and 2-pentene seemed to give mixtures of sulfonates. 

Additions to allyl alcohol were carried out in sealed tubes at lOO^C. (75). 
Evacuation of these tubes did not prevent addition, but when 10 mole 
per cent of hydroqmnone was added to the reaction mixture before evacua- 
tion, no reaction occurred. In the presence of oxygen, up to 65 per cent 
of sodium 3-hydroxypropane-l-sulfonate was obtained, as demonstrated 
by conversion of the product to 3-chloropropane-l-sulfonamide. On the 
assumption that uoj^rmmetrical reagents add to allyl alcohol in the same 
way liat they add to the allyl halides, the above addition to allyl alcohol 
is abnormal. 

In additions to both propene (75) and the liquid alkenes (130), sodium 
or ammonium nitrites, which are also capable of oxidiziog bisulfites, have 
been found to exert an effect like that of oxygen. In experiments with 
qychlohexene, 0.06 mole of ni^te per mole of bisulfite, introduced slowly 
over a lor^ period, gave 84 per cent sulfonate, whereas a larger proportion 
of nitrite (0.1 mole), introduced aU at once, gave only 65 per cent yield. 
In an experiment with trimethylethylene, 0.005 mole of sodium nitrite 
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per mole of bisulfite gave 90 per cent 3iield of addition product, indicating 
that about 180 molecules of organic sulfonate were formed per molecule 
of nitrite reduced. 

It has already been shown by Franck and Haber (23) and by Back- 
strom (8) that the oxidation of sulfite and bisulfite are chain reactions 
involving the •SOs’" ion radical and the •HSO3 radical. The necessity 
for using oxygen or other oxidizing agents in the addition reaction, the 
small proportion of agent required, and the advantage of introducing this 
agent gradually, as well as the inhibition of the reaction by hydroquinone, 
and the fact that the product corresponds to an abnormal addition, all 
suggest a chain reaction involving free radicals (76): 

SO3 — + oxidant — > *803” + oxidant” (22) 

•SO3” + RCH-=CH2 ^ RCKCKSOr (23) 

RCHCHaSO®- + HSOa” RCH2CH2SO3- + •SOs” (24) 

The extent to which the sulfite-ion radical and the sidfonate-ion radical 
may be associated with a proton is not known. The range of pH over 
which addition can take place suggests that either or both charged and 
imcharged radicals may participate. 

The oxidation of bisulfite to bisulfate during oxygen-catalyzed additions 
causes an increase in the acidity of the solution and a retardation of the 
addition. The increase in acidity can be overcome by substituting sulfite 
for that part of the bisulfite oxidized, so that normal sulfate rather than 
bisulfate is formed. If too large a proportion of sulfite is used, some of 
this substance adds to the alkene, thus liberating an equivalent of alkali 
which also retards the addition reaction. If the ratio of sulfite to bisulfite 
in the initial solution is the same as the ratio of sulfate to sulfonate in 
the reaction products, then the pH of the sulfite-bisulfite buffer remains 
practically constant and the addition of bisulfite proceeds at a maximum 
rate and to a maximum extent. This optimum proportion of sulfite to 
bisulfite varies with both the rate of oxidation and of addition, and there- 
fore depends upon the concentration of sulfite, the alkene used, and the 
other experimental conditions. The pH of the sulfite-bisxilfite buffer 
depends upon the sulfite-bisulfite ratio and on the cation. 

Although the pH of such buffers is thus of little theoretical significance, 
some representative data are cited here. In the addition to cyclohexene, 
using oxygen at 1 atm. pressure, the optimum pH of a sodium salt buffer 
was about 6,4 and that of a similar ammonium salt buffer about 6.0 (130). 
In additions to propene, oxygen was supplied intermittently; the optimum 
pH of a sodium salt buffer was 5.8 (76.5 per cent bisulfite, 23.5 per cent 
sulfite), and that of an ammonium salt buffer was 6.0 (55 per cent bisulfite, 
45 per cent sTilfite). With propene, the pH of these solutions remained 



THE PEBOXIDE EFFECT 


397 


constant while 95 per cent of the available sulfite was consumed, and the 
proportions of sulfonate and sulfate formed corresponded closely to the 
bisulfite-sulfite ratio (29). It follows that if an alkene reacts slu^ishly 
with bisulfite, the proportion of oxidation increases and a higher proportion 
of sulfite should be used. 

Although the only products isolated from the reaction of bisulfites with 
simple alkenes are the addition products, there is evidence that some by- 
products are formed. Kolker and Lapworth (100) observed the formation 
of variable, but usually very small, proportions of what they thought to 
be sulfite esters. These by-products were easily oxidized by bromine and 
permanganate. When hydrolyzed with acid, they yielded sulfur dioxide. 
By hydrolysis with acid, the formation of small amounts of sulfur dioxide 
has in some cases been confirmed qualitatively in this laboratory, but 
since most crude addition products do not reduce iodine (29), the ability 
of these products to reduce bromine and permanganate is more likely due 
to unsaturation rather than to the presence of sulfite esters. Attempts 
have been made, by bromide-bromate titration (105) and by permanganate 
(81), to estimate the degree of unsaturation in the crude sulfonic 
acids. Since the two methods do not agree and since the existence and 
proportions of unsaturated sulfonate, hydroxysulfonate, and sulfite esters 
in the addition products have not yet been demonstrated, the results 
cannot be considered reliable. In additions to propene (29), about 15 
per cent unsatxiration in the products is claimed when the buffers are of 
nearly ideal composition. With more acid or more basic buffers, theyields 
of sulfonic acids are much lower, but the proportion of unsaturation 
increases with the acid concentration. In additions to liquid alkenes 
using oxygen at 1 atm. pressure, 1.5 per cent to 18 per cent unsaturation 
has been reported in the product. With nitrite iostead of oxygen, it was 
shown conclusively that unsatTjration was absent (130). The significance 
of unsaturation will be considered in the case of styrene, where various 
reaction products have been isolated and analytical methods have been 
tested. 

The yields of addition products from the less reactive alkenes are 
decreased by the use of either alcohol or hydrocarbon solvents and sli^tiy 
increased by the use of ethylenediamine. Since ethydenediamine has 
little effect in nitrite-promoted additions, it probably serves mostly to 
inhibit the oxidation of bisulfite (29, 130). 

Attempts to add bisulfites to acetylene yielded only traces (rf unidmti- 
fied sulfonic adds (29). 

C. THE BEA.GTION OF BISTJLBTraiS WITH SmiBNEi 

Since the reaction of styrene with bisulfites is fully descnbed in a recent 
paper (81), the work need be only briefly summarized here. Tire reactions 
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were carried out under constant oxygen pressure. At 1 atm. of oxs^en, 
sodium and ammonium sulfite-bisulfite mixtures gave 30 per cent or less 
of organic sulfonates (the remainder of the sulfite being oxidized to sulfate), 
but yields up to 68 per cent were obtained at lower oxygen pressures. The 
reaction of styrene was about as sensitive to excess acid and base as the 
reactions of those aliphatic olefins which are liquids at room temperature. 

In the presence of oxygen, the orgardc sulfonates always consisted of 
three types of salts. \^ere sodium salts were used, the final mixture 
contained about 25 per cent of addition product (I) corres^nding to an 
abnormal addition reaction, 10 per cent of substitution product (II), and 
65 per cent of hydroxysulfonate (III) : 

G^jCH,CH^O«Na CeH*CH=CHS08Na CjHsCHOHCHjSOsNa 

I II III 

The proportions of these products varied slightly. Ammonium salts (from 
ammonia or the methylamines) gave somewhat more substitution product 
(II) and correspondingly less addition product (I) than sodium salts; 
ethylene diammonium sulfite gave a higher proportion (82 per cent) of 
hydroxysulfonate (III). Additions of aqueous sulfurous acid to styrene 
in the presence of a large excess of dimethylaniline or pyridine gave about 
60 per cent yields of total sulfonates. This increase is probably due to the 
fact that these bases increase the miscibility of bisulfite and hydrocarbon, 
and that they maintain the pH at a favorable level. Sodium and ammo- 
nium nitrites and ammonium persulfate can replace oxygen in promoting 
the reaction of bisulfite with styrene but they are no more efficient, 30 
mole per cent or more of these substances bebag required for a 15 to 25 
per cent yield of total sulfonates. With these oxidizing agents, no unsatu- 
rated sulfonate (II) whatever was found, the proportion of both addition 
product and hydroxysulfonate being increased. 

All three t 3 ;i>es of sulfonates were isolated in the pure state. No one 
of them is converted into any other under the conditions of the styrene- 
bisulfite reaction, and all are stable to hot dilute acids and bases. Th^e- 
fore all three are thoi^ht to be primary products. 

Since the presence of an oxidizing is necessary for the formation 
of all three sulfonates, and since in all of them the sulfur is attached to the 
terminal carbon atom, the three reactions are easily correlated by the 
assumption that the sulfonate-ion radical formed by reactions 22 and 23 
is an intermediate common to all. If such is the fact, then the low 3 delds 
of addition product (I) prove that only a small proportion of tiie sulfonate- 
ion radicals formed imdmrgo reaction 24, whereas the large amount of 
oxidizing agent consumed in the styrene reaction suggests that this agent 
reacts with the sulfonate-ion radical. The unsaturated sulfonate may be 
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fonned through reaction 25, oxygen bdng the only oxidiziDg ^ent known 
to give this result: 

ECHCHsSOj- + 0* RCH=CHSOa- + HOs» (25) 

The HOs* radical may react with bisulfite. The hydrozysulfonate (III) 
is fonned in the presence of oxygen, nitrite, or persidfate: 

RCHCHsSOa” + oxidant —* RCHCHjSOs" + oxidant"* (26) 

• + 

RCHCHsSOs- + HjO RCHOHCHsSOa- + (27) 

+ 

The difference between styrene and the alkenes apparently lies in the 
ease with which the sulfonate-ion radical reacts with bisulfite (reaction 24). 
The aliphatic free radicals apparently need little or no activation enei^ 
in order to undergo this reaction, and since the concentration of bisulfite 
is much higher than that of oxygen, the simple alkenes give long chains. 
The substituted benzyl radical formed from stsnrene obviously reacts slug- 
gishly with bisulfite, but much more easily with oxygen, condderii^ the 
low concentration of the latter in solution. If the slow reaction of bisulfite 
with the substituted benzyl radical is due to the stabilization of the latter 
by resonance, then this stabilization has little or no ^ect on the ability 
of the radical to react with oxidizing agents. 

Except for compounds containing carbonyl groups, cinnamyl alcohol 
seems to be the only styrene derivative whose reaction with bisulfite has 
been inv^tigated. The reaction depends upon the presence of oxygea 
(75), but no products have been identified. 

V. The Peboxidb Effect in RBiBRANaBMENTS 

A. BEABRANOEMENT OF 1-BB0U0-2-BXTTENE AND 3-BBOMO-l-BTTTENE 

The peroxide effect in the rearrangement of l-bromo-2-butene and 3- 
bromo-l-butene was discovered (66) during a study of the addition of 
hydrogen bromide to butadiene, of which the bromides in question are tiie 
two addition products: 

^ XCH 2 CH==CHCH, (“crotyl halide”, IV) 
CH4==CHCH=CH2 -b HX (28) 

^ CHi=CHCHXCH» (“secondary 

halide”, V) (29) 

It was shown by V/instein and Young (166) tiiat either bromide when 
pure undeigoes, on landing at room temperature, an allylic rearrangmumit 
to an equilibrium mixture of 85 per cent crotyl bromide (IV) and 15 per 
cent secondary bromide (V). Later, it was shown in this laboratory (66) 
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that under the combined influence of hydrogen bromide and ascaridole, 
rearrai^ement, even at — 12“C., is rapid and complete. Under the same 
conditions, ascaridole alone has no effect; hydrogoi bromide alone causes 
only slight rearrangement. Young and NozaJd (169) have since employed 
hydrogen bromide and benzoyl peroxide to accelerate these rearrange- 
ments, but the reviewers know of no other application of the early finding. 
The rearraiig^ents of some homologs of these bromides are reported to 
be highly susceptible to the effects of traces of unspecified catalysts (170). 
It is probable that the peroxide effect is widespread in allylic rearrange- 
ments of bromides, and that therefore the additions of hydrogen bromide 
and bromine to conjugated systems need reinvestigation. 

That the allylic rearrangement sometimes has a molecular or ionic mech- 
anism is shown by a study of the behavior of l-chloro-2-butene (IV) and 
3-chloro-l-butene (V) (71). As expected, peroxides and air have no effect 
on their rearrangements, which are very slow except in the presence of a 
catalyst. Small amounts of anhydrous ferric chloride or of a mixture of 
cuprous and hydrogen chlorides cause isomerization of either chloride to 
an equilibrium mixture containing about equal proportions of each isomer. 
This isomerization is rapid with the former reagent, somewhat slower with 
the latter. A large proportion of hydrogen chloride alone causes slow 
rearrangement to a different equilibrium mixture, indicating that this acid 
forms a complex with one or both of the oiganic halides. These phe- 
nomena show that the rearran^ments of these chlorides have much in 
common with the normal addition of halogen acids to alkenes. 

The facts that small amounts of both hydrogen bromide and peroxides 
are required for a very rapid rearrangement of bromides, and that aJlyl- 
type chlorides are not susceptible to eorrespondiig influences, suggest that 
the peroxide-catalyzed rearrangement of bromides proceeds by a chain 
mechanism involvii^ bromine atoms or free radicals. On this meagre 
basis, two such mechanisms are tentatively suggested: 

CHi=CHCHBrCH, -(- Br* CHjBrCHCHBrCH, ?± 

CH*BrCH=<!HGHa + Br* (30) 
CHjO=HCHCBt (indistinguishable from <^jCH==CHCHj) -f- 

CH*BrCH=<IHC!H, CHi=CHCHBrCHs + CHaCH=OHCH, (31) 

There are two difficulties with the first mechanism. One is that in the 
addition of a bromine atom to l-bromo-2-butene tire bromine atom mi^t 
not attach itsdf to the 3-carbon atom,^ as required for rearrangement. 

» This diffieulty may not arise if it is assumed that the bromine atom adds to the 
etl^Iene bond to ^ve the more stable free radical. 
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The other difficulty is that, wherever a bromine atom adds to either isorn^, 
subsequent separation of a bromine atom from the free radical formed may 
be too endothermic for a chain reaction. The second mechanism avoi(^ 
both of these objectionB. The energy change involved in reaction 31 is 
very close to zero, and if the exchanges proceed throi:^ a chain reaction, 
the activation energies must also be small. The free radical necessary to 
start the chain may be formed as follows: 

CHjBrCHCHBrCH, (qf. reaction 30) + CHsBrCH-CHCHa 

^ CHaBrCHBrCHBrCH* + •CH 2 CH==CHCH, (32) 

Tbe conditions for the rearrangement of the products having been es- 
tablished, the addition of hydrogen chloride and hydrogen bromide to 
butadiene may be considered. As mentioned in the discussion accom- 
panying table 1, the addition of hydrogen chloride to butadiene gives, over 
a wide range of temperatures (71), 75 to 80 per cent of secondary chloride 
(V) and 20 to 26 per cent of crotyl chloride (IV). Isomerization of the 
products imder the conditions of addition is negligible. Addition of hydro- 
gen bromide under conditions most favorable for the normal addition (pres- 
ence of an antioxidant, absence of air, temperature — 78°C.) gives witiiin 
experimental error the same proportion of isomers. As the temperature 
of addition is raised to 25°C., the proportion of crotyl bromide formed in- 
creases to 56 per cent. If the addition is carried out in the presence of a 
peroxide, only 40 to 45 per cent of crotyl bromide is formed at — 78*’C., but 
70 to 80 per cent of this bromide (approximately the equilibrium mixtaire) 
is formed at — 12®C. 

Since tiie addition of hydrogen chloride shows no temperature effect, 
and since at low temperatiures in the presence of antioxidants essential]^ 
the same results are obtained with hydrogen bromide, it is concluded that 
the normal addition of a halogen acid to 1,3-butadiene pves about 80 
per cent l,2raddition and 20 per cent l,4raddition. In additions of hy- 
drogen bromide at room temperature, or in the presence of peroxides, some 
or all of the additional crotyl bromide foimd is due to isomerization ci 
secondary bromide first formed by 1,2-addition. The possibility that 
addition by an abnormal mechanism increases the proportion of direct 
1 ,4-addition has not been ruled out, but the fmlure to find ai^ 4-bromo-l- 
butene excludes the possibility that appreciable abnormal 1 ,2-addition has 
occurred in any expenment made to date. 

B. BnaBRANOBHBNT OF 0^■BROMOAC^!TOi.CX!XIC IffilCBBS 

It has been shown by Santasch and eoworimcs (38) that o^feromo^ 
acetoacetdc ester rearrai^es slowly at room temperature to y-bromoaceto- 
acetic ester, that this change is ace^erated by hydrt^en bromide, and that 



402 


FRANK B. MATO AND CHEVBS WALLING 


it is inhibited by water. However, the a-bromo ester, in spite of its 
instability at room temperature, can be distilled four or five times in vacuo 
at 100®C. without change. The effect of hydrogen bromide explains the 
differences between the methods for preparing the two esters directly (21). 
When aeetoacetic ester is brominated in the presence of ice and water, pure 
a-bromo ester is immediately obtained. When slow bromination lasting 
several hours takes place in carbon disulfide solution, the 7-bromo ester 
is formed. If, in the latter preparation, hydrogen bromide is removed by 
intermittent washings with water, mixtures are obtaiaed. This result 
suggests that the y-bromo ester is formed by rearrangement of the «-bromo 
ester. The a- and y-bromo derivatives of methyl a-methylacetoacetate 
have been similarly prepared. Ethyl a-chloroacetoacetate has no ten- 
dency to rearrange, even in the presence of hydrogen chloride (21). This 
difference between the a-chloro and a-bromo esters suggested the possi- 
bility of a peroxide effect in the rearrangement of the bromo esters. 

By a series of experiments, each lasting only a few hours and carried out 
in glacial acetic acid solution, it was found that air, a peroxide, or light 
greatly accelerated the rate of rearrangement of the a-bromo ester by 
hydrogen bromide (68). In the absence of hydrogen bromide, no re- 
arrangement took place in the presence of a peroxide and light, either with 
or without hydrogen chloride. In glacial acetic acid, the bromination of 
ethyl acetoacetate in the absence of air, peroxides, and light gave more than 
90 per cent a-bromo ester; in the presence of any one of these agents, 80 
per cent or more of the 7-isomer was formed. The bromination of ethyl 
a-methylacetoacetate was very similar, except that rearrangement was 
more rapid. 

The effects of oxygen, peroxides, and light on the rearrangement of 
o-bromoacetoacetic esters by hydrogen bromide and the stability of the 
corresponding chloro esters suggest that the rearrangement has much in 
common with the rearrangements of the butenyl halides and the addition 
of hydrogen bromide to alkenes. Probably a part, if not all, of the rear- 
rangement takes place through a chain mechanism in some stage of which 
bromine atoms are involved. Stability of the bromo esters in the presence 
of a suitable inhibitor would indicate whether the isomerization is ex- 
clusively a chain reaction and whether the chain carrier is the same as in 
the abnormal addition of hydrogen bromide to alkenes. Such experiments 
have not yet been performed; consequently any discussion of a mechanism 
is admittedly speculative. Only in order to show that a simple cham 
can be written is the following mechanism ventured: 

•CH 2 COCH 2 COOC 2 H 5 + CHsCOCHBrCOOCyHfi ^ 

GHaBrCOCHaCOOCaHs + CH3COCHCOOC2H5 ( 33 ) 

* CHsCOCHCOOCyai •CHaC^CHaCOOCaHs (34) 
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The mode of formation of bromine atoms has been indicated in an earlier 
section. These atoms may attack ester molecules to yield the free radicals 
necessary to start chains. Since the bromination of acetoacetic ester is 
reversible, the bromine atoms may attack a bromo ester molecule to give 
either bromine or hydrogen bromide. Like the second mechanism pro- 
posed for the rearrangement of the butenyl bromides, the chain here sug- 
gested consists of the transfer of bromine atoms from a molecule to a radi- 
cal; the chain carrier is not a bromine atom, but a radical which can iso- 
merize. Whatever the mechanism of the rearrangement, the product 
should be an equilibrium mixture of the 7-bromo ester with a small pro- 
portion of the a-isomer. 


C. CIS-TRANS ISOMERIZATIONS 

A thorough discussion of the rearrangement of geometrical isomers is 
beyond the scope of this review on the peroxide effect. Except for recent 
work, the subject has been covered by both R. Kuhn (24) and Dufraisse 
(28). In order that isomerization may occur, the resistance of the double 
bond to free rotation must be overcome. The assumption by some in- 
vestigators that all such isomerizations take place by a single mechanism 
has led to some confusion, for at least four distinct mechanisms will be 
cited for the conversion of a cis-ethylene derivative to its transform. 

The first mechanism is associated with the simplest reaction, repre- 
sented by the homogeneous, apparently unimolecular, rearrangement of 
dimethyl maleate in the vapor phase (119, 147). This reaction has a 
fairly high activation energy and requires a temperature of around 300®C. 
The uncatalyzed liquid-phase isomerizations of isostilbene and its ci-chloro 
derivatives (149) are also unimolecular. They require a temperature of 
at least 200®C. and have activation energies of about 35 kg-cal. These 
isomerizations apparently depend on violent collisions to effect rotation 
about the double bond. 

Ultraviolet radiation is known to cause isomerization of ethylene deriva- 
tives in the absence of other catalysts. According to Mulliken (118a), 
absorption of such radiation by an ethylene derivative causes a transition 
to an excited electronic state in which the perpendicular configuration of 
the groups placed about the double bond is more stable than the planar 
configuration characteristic of the unexcited state. 

A third type of mechanism is associated with a catalyst which can donate 
a proton or accept a pair of electrons. Mineral acids (24, 137, 138, 

149) are known to be effective in many instances and ineffective in others; 
primary and secondary, but not tertiary, amines rapidly isomerize di- 
methyl maleate (18); aluminum, ferric, and zinc chlorides have been 
effective with the same ester (26) ; boron trifiuoride has been found to rear- 
range isostilbene, but not dimethyl maleate (127). Various workers have 
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suggested that one of the doubly bound carbon atoms shares a pair of 
electrons "with the catalyst, leavii^ the other previously doubly bound 
carbon atom with a positive charge and free to rotate about the axis of the 
former double bond. After such rotation, dissociation from the catalyst 
permits refetablishment of the double bond and consequent formation of 
the geometrical isomer. If a carbonyl group is conjugated with the double 
bond, association of the catalyst may take place at the carbonyl group, 
but then the double bond is shifted and rotation between the carbon atoms 
previously douWy bound becomes possible: 


0==(!) — C 1 - MX c — i==c — 

/ 5 : 0 : 

(-)HX 


(35) 


Most of the remaining observations on the effects of cataljrats suggest 
that a fourth t 3 q)e of mechanism involves catal 3 rsts with two unpmred or 
an odd number of valence electrons. For the sake of brevity, it will be 
assumed that all sudh catalysts act throi;^ a siii^e mechanism, althou^ 
future work may show that this class of substances should be subdivided. 
The genaral scheme is represented by reaction 36: 




.R» 


B.K 


R 


a/ 


C + X. C : C— R^ 
\r* R*/* X 

VI VII 


c: 


(36) 


As in the proton-catalyzed mechanism, rotation about the double bond in 
the intermediate is possible, but the intermediate here is a free radical. 
Its stability is unknown. The catalysts include univalent atoms, free 
radicals, molecules with odd electrons, and paramagnetic substances in 
general. One class of catalysts which has been assumed to function in 
this noanner consists of the alkali metals (24); these cause isomerization 
without much reaction on the part of the metal. That the isomerization 
of isostilbene by stilbene disodium (in the absence of free metal) involves 
free radicals or metal atoms is possible, but doubtful in view of the state- 
ment by Ziegler and Wohschitt (171) that isomerization takes place on 
r^en@a.tion of the ethylene compoimd (after ^change of metal), but not 
on the appearance of a smgle free valence. Platinum and palladium 
blacks have been found to isomerize maleic acid (148) and its methyl ^ter 
(24). Params^etic metal ions are also said to isomerize the acid (148). 
The weak effect of oxygen in accelerating both the vapor-phase (147) and 
liquid-phase (146, 148) isomerizations may be partly due to the params^- 
netism of this substance, but in the isomermtion of isostilbene (149) the 
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effect of oxygen has been ascribed to the fact that it causes the formation of 
catalytically active acids. Since nitrogen oxides (24, 27, 146) are better 
catalysts than oxygen for some isomerisations, the probability that they 
function throi^ a free radical addition product is somewhat greater. A 
combination of hydrogen sulfide and sulfur dioxide causes isomerization 
of maleic acid, although neither gas alone is effective. Heating with 
aqueous bisulfite has caused rearrangement of erucic acid. In both cases 
the effect has been attributed (24) to the colloidal sulfur formed. More 
recent work has shown that a combination of aqueous sulfur dioxide and 
manganese dioxide (120) rearranges maleic acid, its esters, and dtraconic 
acid. In additions of mercaptoacetic acid and ^utathione to maleic acid 
(118), part of the unreacted maleic acid was isomerized to fumaric acid. 
Glutathione would neither add to, nor rearrange, cis-cmnamic acid; hence 
it was concluded that the sulfhydryl group must be able to add to a double 
bond in order to cause isomerization. The close analogy between all of 
of th^e observations and those on the addition of mercaptans and bisulfites 
su^ests that free radicals (formed as intermediates in the oxidation of 
bisulfites or hydrogen sulfide by air, peroxides, or manganese dioxide) are 
the active agents for the observed isomerizations. 

This fourth type of mechanism is closely related to the peroxide effect, 
because halogen atoms can cause the reactions in question. Wachholtz 
(159) foimd that the photochenucal isomerization of dimethyl maleate by 
bromine in carbon tetrachloride solution depended only on the quanta 
absorbed by the bromine, and that quantum yields as high as 600 were ob- 
tained. The isomerization was thought to proceed according to reaction 
36, but an exchange of bromine atoms between ihe free radicals (VII) and 
tile unsaturated molecules (VI) seems more hkely than a dissociation. 
Even higher conventions were obtained when bromine atoms, the pre- 
sumably active agents, were generated by chemical means (160). In 
water solution, the action of ferrous sulfate on bromine, hypobromois 
acid, or bromic acid isomerized 10,000, 1000, and 500 molecules, respec- 
tively, of maleic acid per atom of bromine formed. Iodine in the light 
(24, ^) and at elevat^ temperatures (167) has be^ found to catalyze 
other isomermtions; here iodine atoms seem to be the active agent. 

Since it is weU establitiied (24, 37) that bromme atoms can cause ds- 
tmm isomerizations proceeding through chain reactions, the fact tiut 
hydrogen bromide can cause similar isomerizations under coialitiom favor- 
fhle for previously described peroxide effects is strong sui^rt for the con- 
tention that, where hydrogen brmnide is thus effective, bromine atoms are 
involved. The peroxide effect in the rearranganent of geometrimd isomers 
was observed in this laboratory in 1937, but only tiie first portion tS. tiiis 
work has 3 ret appeared, Urushibara and Sinamuia have subseqnentiy 
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published several papers iu this field; their observations agree mth, and 
extend, those made here. The following description is intended to bring 
out the relations indicated above and to show how the principal mech- 
anism of isomerization changes with the structure of the unsaturated 
compoimd. 

In the absence of air and light, the isomerization of stilbene (93, 67, 
150) by hydrogen bromide or hydrogen chloride in benzene solution is 
very riow, requiring several das^. The isomerization by hydrogen bro- 
mide is accelerated by light, air, peroxides, or by reduced iron or nickel. 
The accelerating effect of these agents can be overcome by catechol, less 
effectivdy by diphenylamine. The isomerization by hydrogen chloride 
is unaffected by light or peroxides. These r^ults show that there is a 
slow isomerization by acids through a molecular or ionic mechanism, but 
that the isomerization by hydrogen bromide proceeds throi:gh a much 
more rapid chain mechanism. That this chain mechanism involves bro- 
noine atoms is suggested by the known abQity of such atoms to cause iso- 
merizations, together with the fact that small proportions of stilbene 
dibromide are formed as a result of the oxidation of hydrogen bromide hx 
the presence of air and l^ht (93, 150). a,o!-Dichlorosiilbene is isomerized 
by a combination of hydrogen bromide and oxygen, but not by halogen 
acids alone (149). 

In the isomerization of maleic acid and some of its derivatives when the 
halogen acids are present, rearrangement by the bromine-atom chain 
mechanism is negligible compared with that by the ionic or molecular 
mechanism. Sinamura (137) foimd that the isomerization of dimethyl 
maleate by hydrogen bromide is unaffected by oxygen or antioxidants and 
that hydrogen chloride is nearly as effective as hydrogen bromide in pro- 
ducing the reaction. Eharasch, Mansfield, and Mayo (93) found that 
isomerization of maleic acid, maleic ester, and bromomaleic acid in air was 
catalyzed to about the same extent by both hydrogen bromide and hydro- 
gen chloride. 

Further work by Sinamina (138) shows that the behavior of methyl 
allocinnamate is intermediate between that of maleic ester and stilbene 
with respect to both mechanisms. With this compound, hydrogen chloride 
is distinctly less effective than hydrogen bromide, and the isomerization 
by hydrogen bromide is only moderately accrierated by o:^gen or partially 
inhibited by catechol. Work in this laboratory (93) shows that isomeriza- 
tion of the labile form of a-phenylcinnamic acid to the stable form by 
hydrogen bromide is accderated by air and light, whereas the apparently 
slower isomerization by hydrogen chloride is not. 

From the forgoing discussion it seems probable that acids usually cause 
isomerization of a c£s- to a trans-ethylmie derivative. This mechanism is 
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most important when the ethylene bond is conjugated with one or more 
carbonyl groups. Probably any type of ethylene derivative can also iso- 
merize by the atom or radical type of mechanism. Examplpa of the 
isomerization of maleic acid derivatives by the bromine-atom TTiftf(hfl.nTiww 
have been cited, but two groups of workers have failed to obsCTve any 
evidence of this mechanism in the presence of hydrogen bromide. It may 
ttierefore be concluded tentatively that, with maleic acid derivatives, the 
action of hydrogen bromide or hydrogen chloride through the polar mech- 
anism is large compared with the action of the former reagent throu^ the 
atom mechanism. The reverse is true for isostilbene, whereas the behavior 
of allocinnamic ester is intermediate. 

Such considerations show also that the varying effectiveness of different 
reagents, which has often in tire past been described as anomalous, may 
easily be fitted into a general scheme. Some m-derivatives should be 
expected to rearrange easily by several mechanisms, whereas others may 
rearrange with difficulty by some or all mechanisms. Accordingly, it k 
not at all surprising that one group of investigators found no correlation 
between catalsrtic activity and magnetic susceptibility (26). In the large 
amount of experimental work required to pemoit comparkons betwe^ 
different alkenes or different catalysts, it will be necessary to establish 
the mechanism of each komerization. 

VI. Conclusion 

In all the studies dkcussed in the forgoing review the experimmital 
facts seem to be best explained by the hypothesk that the strildng effects 
of oxygen and peroxides arise out of their ability to initiate chain reactions 
in which atoms or free radicals act as chain carriers. So-called solvent 
effects and inhibitory effects of traces of various materiids are best inters 
preted as the result of their effects on chain reactions. Many discrepancies 
in observations recorded in the earlier literature are e:Q)laihed; many 
hitherto kolated phenomena are correlated; and many suppcffied abnormal- 
ities are reduced to parts of a logical pattern. 

It k perhaps of even greater significance that a new and broader outlook 
on oi^anic reactions m general k opened up by thk hypothesk. The ctm- 
cept of chain reactions in solution, involving atoms or free radicak, will 
doubtless in many cases supersede earlier limited and inad^uate notions 
which ascribed all reactions to simple imimolecular or bimolecular mech- 
anisms. In any event, it now seems a necessary supplement to such 
ideas. 

Even though future work may necessitate chains in the tiieorerical 
concepts of chain reactions, the present ideas have saved as a powerful 
working hypothecs. Already they have been applied in thk laboratmy 
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to several classes of reactions other than those here discussed. Such 
applications are the following: 

1. The bromination of phenanthrene (72), toluene (73), cyclopropane 
(78), cyclohexane, methylcyclohexane, isobutane (90), aliphatic acids, 
add halides, and anhydrides (91). 

2. The use of sulfuryl chloride (in the presence of a peroxide) as a 
chlorinating agent for aliphatic compounds (79, 82, 86). 

3. The use of sulfuryl chloride (under illumination in the presence of 
pyridine) as a sulfonating agent for aliphatic compounds (80, 89). 

4. The introduction of the — COCl group into aliphatic compounds by 
the use of a peroxide and oxalyl chloride (92), or by the use of light and 
either oxalyl chloride or phosgene (85). 

5. The use of peroxides in accelerating the chlorination of hydrocarbons 
in the dark (88). 

It is hoped that a review of these and related phenomena will be under- 
taken when sufficient data become available. 

The principles discussed in this paper havfe been developed in coUaborar 
tion with Prof. M. S. Kharasch over a period of several years. He has 
assisted in determining the scope of this review and has offered many 
helpful criticisms of its content. Dr. James K. Senior has greatly assisted 
the authors in the revision of the manuscript. 
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The Fries reaction is the conversion of a phenol ester, on treatment with 
aluminum chloride, to an o- or a p-hydroxy ketone or to a mixture of o- and 
p-hydroxy ketones. The position, relative to the hydroxyl group, taken by 
the acyl group depends upon the temperature at which the reaction is run, 
upon the nature of the acyl group, and upon the structure of the phenol. 
Low reaction temperatures lead to p-hydroxy ketones, while high reaction 
temperatures lead to o-hydroxy ketones. As the size of the acyl group in- 
creases, — ^For aliphatic acyl groups, — the amount of o-hydrox3»^ ketone formed 
increases. Para-substituted phenol esters furnish only o-hydroxy ketones. 

A methyl group in the ortho position in the phenol ester favors the formation 
of p-hydroxy ketones, while the same group in the meta-position favors the 
formation of o-hydroxy ketones. Nitro, acyl, or carboxyl groups in the 
phenol ester slow up or stop completely the Fries reaction. With certain di- 
and tri-alkylphenol esters the shift or elimination of alkyl groups has been 
observed in the Fries reaction. It is suggested that these abnormal reac- 
tions are due to the action of aluminum chloride on the normal Fries reaction 
products. Three mechanisms have been advanced for the Fries reaction; 
cleavage of the ester by aluminum chloride to form a phenolate and an acid 
chloride and acylation of the phenolate by the acid chloride; acylation of 
one molecule of a phenol ester by a second molecule; and a true intramolecu- 
lar rearrangement without the intervention of normal valence compounds as 
intermediates. Evidence has been advanced to show that the reaction can 
proceed by any of these paths, but there is as yet no evidence which 
establishes any one or ones as the actual path. With those p-hydroxy ke- 
tones having a substituent ortho to the acyl group, a reversed Fries reaction, 
leading to the formation of a phenol ester, has been observed. 

I. INTBOBBCnON 

The 'Fries reaction is an exceedingly convenient and general method for 
preparing phenol ketones from phenol esters. There is availahie in tiie 
chemical journals a large amount of information on the techniques for 
effecting ilie Fries reaction, on the generality and limitations of the ra- 
tion, and on the mechanism of the reaction. This information bans never 
been made available in one place and it is necessary, in ordea: to use the 
Fries reaction to full advantage in preparative work, to make a fairly 
complete survey of the original articles, — a survey which is time-consum- 
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ing because of the nvuuber of articles, the mass of facts which they contain, 
and the contradictions with which they abound. The writer had occasion 
to make such a survey for his own use; it is presented here for others who 
may find it useful. 

Before discussing the Fries reaction proper it is desirable to distinguish 
between it and the Friedel-Crafts reaction, of which it is essentially a 
minor variant. The basis for the distinction is that in the Friedel-Crafts 
reaction for the preparation of phenol ketones a phenol is treated with an 
acid chloride and alumininn chloride, while in the Fries reaction a phenol 
ester is treated with aluminum chloride. This may appear at first glance 
a perfect example of the academic distinction without a difference for, 
almost without exception, the same product can be prepared using either 
Ihe Friedel-Crafts or the Fries reaction and it is, of course, true that 
phenols and acid chlorides react to form phenol esters. However, the 
distinction between the two reactions has a valid practical basis, for the 
Fries reaction usually gives much better results (18, 53, 60). 

The Fries reaction was discovered in a successful attempt to avoid the 
diflSculties encoxmtered in preparing certjun phenol ketones by the Friedel- 
Crafts reaction. Fries was seeking a method of preparing o-chloroacetyl 
phenols for use in synthesizing coumaranones. The reaction between 
phenols, chloroacetyl chloride, and aluminum chloride was not satisfactory 
since, often, two chloroacetyl groups were introduced into the phenols. 
Fries, therefore, heated phenyl chloroacetate (I) with aluminum chloride 
and obtained a mixture of o-(chloroacetyl)phenol (II) and p-(chloroacetyl)- 
phenol (III). From p-cresyl chloroacetate (IV) on similar treatment the 
sole product was the o-hydroxy ketone (V) (27, 28). 
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Four years prior to Fries’ first publication, %kmarm (23, 24) had shown 
tiiat Bwjresol and acetyl chloride when treated with zinc chloride furnished, 
at the ordinary temperature, 2-methyl-4-hydroxyaeetophenone (VI) and. 
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at temperatures, 2-h}rdroxjr-4-meth7lacet0idmabne (VII). *11118 

was the first indication of the extremely important influence of the reac* 
tiion temperature on the position taken by the acyl group, l^kmann used 
the crude reaction product obtained from mrcresol and acetyl chlodde 
without isoktting m-eresyl acetate. 
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Another important factor in the fries reaction,, the use of nitrobaizene as a 
solvent, was indicated even earlier by Behn (14), who patented in 1897 
a procedure for preparing phenol ketones by treatii^ phenols and acid 
dilorides in nitrobenzene solution witii aluminum chloride. And finofly, 
going still earlier, DSbner (22) in 1881 prepared phenyl benzoate and, 
without purif 3 ring the crude ester, heated it with benzoyl chloride and 
aluminum chloride to obtain Ihe. benzoate of p-hydroxybenzophenone. 


n. TECHNIQUES 

By far the most important single article on the technique of the fries 
reaction is that by Rosenmund and Schnurr (52). These authors showed 
that earlier workers had used too drastic conditions for tiie reaction and 
had unnecessarily prolonged the time of reaction. They developed two 
general procedures, the first for preparii^ j>-hydroxy ketones and the 
second for preparing o-hydro^ ketones. In both procedures 1 mole of 
aluminum chloride is required to convert 1 mole of a phenol ester to a 
hydroxy ketone (compare, however, tire guaiacol esters on page 426). 
Uting technical aluminum chloride it is advisable to mploy up to a 25 
per cent excess in order to allow for inert ingredients. 

*1116 preparation of p-hydroxy ketones is based on Behn’s patent (14); 
a solution of a phenol ester and aluminum chloride in nitrobenzene is k^t 
for 24 hr. at romn tempmature or for 1 hr. at 60*G. The use of nitio- 
benzene reduces by 80° to 100°G. the temperature necessary for the reac- 
tion to proceed at a useful rate (compare reference 13). T^ importance 
of this will be seen when the effect of temp^tuie on the course d ^ 
reaction is oonrid^^d (page 417). The preparation of odiydroxy ketones 
requu^ b^ter tmnperatures, and the piderred procedure conasts in 
heating an intimate mixture of a phimol %ter and duminum ifliloride wUhr 
out a solvent for from 20 to 40 min. at about 140^. 

TTiese generalized procedures work well and pve exedl^it yidds of 



phenol ketones with a variety of phenol esters. It is, of course, advisable 
with some compounds to modify slightly the reaction times and tfempera- 
tures just described in order to secure maximum yields, but such modifica- 
tions are seldom essential. Other techniques have been recommended 
from time to time, but only a few require mention. Zinc chloride has been 
used in numerous Fries reactions, but it offers no advantages over alumi- 
num chloride in either convenience or economy. Boron fluoride has been 
successfully used for the low-temperature reaction leading to jj-hydroxy 
ketones (10, 46). Chlorobenzene (60) and tetrachloroethane (15) have 
been used as solvents in Fries reactions run at high temperatures, instead 
of heating an ester with aluminum chloride without a solvent. Carbon 
disulfide has been used to ensure complete mixing of the aluminum chloride 
and ester in reactions where high-temperature heating is to be employed. 
The reactants are dissolved in carbon disulfide, which is then removed by 
distillation and the residue is heated to the desired temperature (19, 25, 26). 

The claim that phenol esters will undergo a Fries reaction on heating 
alone (56) has not been confirmed (5). 

m. APPUCABILITT 

The Fries reaction is of wide applicability, since both the acids and the 
phenols from which the phmiol esters are derived can be varied within 
extensive limits and since, in many cases, it is possible to prepare at will 
either an o- or a p-hydroxy ketone from the same ester. The precise posi- 
tion, relative to the hydroxyl group, which will be taken by the acyl group 
depends upon the temperature at which the reaction is run, upon the 
nature of the acyl group, and upon the structure of the phenol. These 
three factors will be considered in the order in which they have been 
listed, but a brief summaiy, first, of the variety of esters which has been 
used in the Fries reaction will give an idea of the material to be covered. 

The acids from which the phenol esters are derived may be aliphatic, 
aromatic, or mixed aliphatic-aromaric. They may be of low or high molec- 
ular wmght and saturated or unsaturated. The phenols may be derived 
from benzene, naphthalene, phenanthrene, biphenyl, or coumarin. Hy- 
droxy derivatives of b«izene have been most extensively used, and they 
have been mono-, di-, or tri-hydroxy compoimds. Using monohydroxy- 
benzenes, as long as there is an ortho- or pararposition available the pres- 
ence of a single sXkyl group or halogen atom in the nucleus introduces no 
complications (see, however, pages 417 to 425 for the polyalkylphenols). 
A nitro or a benzoyl group in dther the ortho- or the pararporition to the 
hydro3yl group stops the reaction (52). A carboxyl group or an acetyl 
group in the ortho-position does not interfere, but either group in the 
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para-position does stop the reaction (19). Attempts to run Fries leao- 
tions with acyl derivatives of 3,5-dihiydro5cybenzoic acid (44) and 1,3,5- 
triaminobenzene (34) were unsuccessful. 

The effect of temperature on the course of the Fries reaction, first ob- 
served by Eykmarm (23, 24), has been remarked by numerous workers 
and was examined in detail by Bosenmund and Schnurr (52). Their 
results with m-cresyl acetate are reproduced in table 1. 

The obvious conclusion is that low tanperatures favor the formation of 
p-hydroxy ketones, while high temperatures favor the formation of o- 
hydror^ ketones, and this conclusion is confirmed by the results with 
TK-cresyl benzoate. At 100°C. this ester furnishes exclusively a p-hydroxy 
ketone, while at Ififi^C. the sole product is an o-hydroxy ketcme. The 
temperature effect does not, however, permit the preparation in eveiy 


TABLE 1 

Effect of temperature on the Friee reaction 
(In each experiment 10 g. of m-oresyl acetate was used) 
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8.0 
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case of either an o- or a p-hydroxy ketone, for the nature of the acyl group 
and the structure the phenol also play important rdles in determining 
the ctmrse of the Fries reaction. Rosenmund and Sdmuxr (52) and 
Stoughton (58) showed that p-hydro^ ketones on heatm^ with aluminum 
chloride fiunish o-hydro^ ketones, and this may be the explanation 
the temperature effect. Mth para-substitUted phenols, such as p-cresol, 
the formation of an o-hydroa^ ketone obvioudy does not involve a p-hy- 
dro^ ketone as an intermediate. 

T^ influence of the acyl group in the phenol ester on the course of tl» 
Fries reaction must now be conddered. First, there m^stdkmg differences 
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in the rates with which different acyl groups shift from oxygen to the 
nucleus. For example, in nitrobenzene solution at 20°C., thymyl acetate 
undei^oes 60 per cent conversion to thjrmyl methyl ketone in 5 hr. Under 
the same con(Utions thymyl benzoate imdei^oes only 4 per cent conversion 
to the corresponding phenyl ketone. From observations of this sort 
the various acyl groups have been arranged in the following order of 
Pecreasmg rates of shift (52); 

CbHjb+iCO (where w = 1 . . . 5) > CjEEsCHaCO > Ce&sCHaCHiCO > 
CeH5CH=CHCO > CJSsCO 


No differences were observed between benzoyl and substituted bmzoyl 
groups. The same comparative order holds whether the groups shift to 
the parar or the ortho-position relative to the hydroxyl group. The 
importance of this series in setting limits to the usefulness of the Fries re- 


TABLE 2 

Effect of the size of the (usyl group on the product formed 


m-Gresyl propionate. 


m-Cresyl butyrate. 

m^resyl valerate. 
m-Creeyl caproate. 
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action is twofold. With certain acyl groups the rate of shift tothepara- 
potition is so slow that the preparation of p-hydro:^ ketones is impracti- 
cable; attempts to increase the rate of para convertion by increasing the 
temperature are futile, for they result instead in the formation of o-hydro}^ 
ketones. Examples are furnished by the esters of a-naphthol, which are 
considered later (i»ge 427). With other acyl groups the converaon to 
p-hydroxy ketones is practicable, but the temperatures reqmred for the 
fcnmation of o-hydroxy ketones are so hi^ that the material is destroyed 
in the process. p-Cke^l cinnamate, which cannot be converted to 2- 
h 3 rdroxy-^methylbmizdacetophenone, offms tm illustration. 

1116 mze of the acyl group is also of importance in determinii^ whether 
an 0 - <»: a p-hydroxy ketone will be f(mned in a Fries reaction. This factor 
was discovered by Coulthard, Marshall, and Pyman (17), and studied in 
detail by Balttiy and Bass (12; compare also 81). The latter workers 
fsmEhted a smies of esters m-cresoi and aliphatic adds. Only the 
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acetate furnished a p-hydrojgr ketone as the principal product. 'With all 
the other esters the principal product was an o-hydroxy ketone, even when 
the reaction was run at low temperatures. A selection from the data of 
Baltzly and Bass, given in table 2, is illustrative. 

These results do not contradict those of Rosenmund and Schnurr with 
»i-cresyl acetate given in table 1, but they do make questionable any 
generalization from that data as to the decisiveness of the temperature 
effect in the Fries reaction. Baltzly and Bass concluded that the tempera- 
ture at which the reaction is run and the structure of the phenol are the 
primary factors determining the course of a Fries reaction but that, when 
these factors counterbalance, the size of the acyl group will control the 
course of the reaction. Additional information on this question, uting 
esters of other phenols than m-cresol, would be desirable. At presait 
we are in the rather awkward situation of having two generalizations, each 
of which lunits the other and ndther of which is of sufficient generality 
to inspire confidence. 

The third factor in determining the course of the Fries reaction, the 
structure of the phenol from which the phenol ester is derive^ remains 
now to be considered. 'When esters of phenol and the three cresols are 
employed the reaction takes place without complications. p-Creeyl 
esters and esters of other para-substituted phenols furnish only o-hydro^ 
ketones. This fact and the relatively high temperature required for the 
ortho drift account for certain apparently anomalous statements in the 
original literature. For example, it is reported (36) that p-cresol, benzoyl 
drloride, and aluminum chloride furnish p-crei^l benzoate and not 2- 
hydroxy-5-methylbenzophenone. The reaction reported was not run at 
a sufficiently high temperature to bring about formation of the o-hydroxy 
ketone. Esters of o-cresol furnish only p-hydro^ ketones; while afiphatic 
esters of m-cresol, with the exception of the acetate, furnish only o-hydrosy 
ketones. The effect of a methyl group ortho or meta to the phenolic 
hydroxyl, leading in the former ease to the formation of p-hydroxy ketones 
and in the latter case to the formation of o-hydrosy ketones, is probably 
general for other alkyl groups. 

A considerable number of esters of di- and tri-alkylphenols have been 
examined, principally by Auwers and his assodates. Certain of these 
were esters of 2,4,6-trialkylphenols, so that the migration or dhnination 
of an alkyl group was necessary in order for the Fries reactimi to take 
place. Other trialkylphenol esters and all the dialkjdphenol esters eon- 
tained at least one unsubstituted ortho- or para-position, yet in certaia 
of these compounds an afiryl group was dttmr eliminated or changed its 
position during the reaction. This shift or elimination of an alkyl group 
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is of importance, for it makes imcertain the 'structures of the phenol ke- 
tones formed in Ike Eiies reaction and thereby serioudy decrees the 
usefulness of the reaction. Consequently it is nece^ary to examine these 
abnormal Fries reactions in detail The most satisfactory procedure is 
to divide the material into three parts and to consider in order tire dialkyl- 
phenol esters, the triaikylphenol esters having at least one urrsubstituted 
ortho- or parar-poation, and the 2,4,6-triallQrlphenol esters. 

A representative picture of the behavior of the dialkylphenol esters 
is given by the six :^lenyl acetates which were examined by Auwers and 
bis assodates. 
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The most striking feature about these results is that with only a sin^e 
ester (XIII) does an alkyl shift occur. Even with this ester — althou^ in 
the descriptive portion of the original article only the abnormal product 
(XV) is mentioned — ^rearrangement is a distinctly subordinate process. 
For, in the experimental portion of the article referred to, it is foimd that 
p-xylenyl acetate (XIII) furnishes the normal product (XIV) in a 70 per 
cent yield, while the 3 deld of the rearranged product (XV) is only 17 per 
cent. It is unfortunate that, unless the experimental details in the 
original article are consulted, the impression given is, that the abnormal 
product is the only product. In the opinion of the present writer the 
alkyl shift observed with p-xylenyl acetate has no direct connection with 
the Fries reaction. It is, instead, a secondary reaction between the 
normal product (XIV) and aluminum chloride, a reaction which was en- 
countered as a result of the use of too drastic experimental conditions. 

There is considerable evidence in support of the explanation just sug- 
gested for the formation of the abnormal product from p-3Qrlenyl acetate. 
The experiments with this ester were reported before Bosemnund and 
Schnurr’s paper (52) on techniques appeared and, after the appearance 
of that paper, Auwers remarked (8) that the Bosemnund technique was 
not sufficiently drastic to cause alkyl wandering. The question raidse 
by the alkyl shift with p-xylenyl acetate is subject to an experimental 
clarification, and it is desirable that this clarification be attempted. 

A second strikii^ feature of the experiments with the :^lenyl acetates 
is the lai^ number of o-hydroxy ketones obtained. Of course, the 
acetates (IX and XI) in which the para-porition is occupied would be 
expected to furnish o-hydro:^ ketones, and the acetate (X) in which both 
ortho-positiofas are occupied would be expected to furnish a p-hydnoxy 
ketone. Of the three remaining acetates, however, only XIII does 
3dd[d a p-hydroxy ketone. This result may be due to the presaice in each 
of the three acetates (VIII, XII, and XIII) of at least one methyl group 
meta to the ester group, for such a substituent is known to favor tire 
formation of o-hydroxy ket<Hies (compme page 419). It may, however, be 
due to the high tempmbture used in the exp^iments. The behavior oi 
the ^lenyl acetate (VIII, XU, and XIII} under iniid experimental 
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conditions which should lead to the formation of p-hydroxy ketones has 
apparently never been studied. * 

The remaining information about the behavior of esters of dialkyl- 
phenols in the Fries reaction is summarized in the following equations: 

C2H5 


C^kJCHz 

OCOCHi 


CsHslJ 

OCOC5H, 


CH*C(X^CHs 

OH 


COCJHs 


+ 


CHs 




( 6 ) 


C,H*l^COCH, 

OH 

COCH. 


( 4 ) 


CjHsk^CsHs 

OCOCH, 


cyHiQ' 


|C^ 

OCOCH, 


(ch,),chQ 

WOCH, 

XVI 


”0 


'CH(CH,), 
OCOCH, 
XVII 


C2H5VC*H, 

OH 




+ ( 6 ) 

C^HsVCOCH, 

OH 


C2H||^C2H, 

l^JcOGH, 

OH 

COCH, 
(CH,),CHjA 

IJcH, 

OH 


( 6 ) 


(52) 


COCHi 

(23,52) 

IsJCHCCH,), 

OH 



THE FEIES REACTION 


423 


Precisely the same comment made about the alkyl shift with jTrxyleuyl 
acetate applies to these reactions, and that comment recdves confirmation 
from the fact that the two esters, earvacryl acetate (XVI) and thymyl 
acetate (XVTI), which were rearranged usm^ mild experimental conditions 
behaved normally. 

Seven trialkylphenol esters having at least one free ortho- or para- 
position have been examined by Auwers. The results are shown in the 
following equations. When more than one product is formed, the prindpal 
product is the one immediately following the arrow. 
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Here alkyl shifts are more common than 'with the dialkylphenol esters. 
However, tiie same question that was raised in connection -with the dialkyl- 
phenol esters can and should be raised: Are these alkyl shifts an int^ral 
part of the Fries reaction, or do they represent a secondary reaction which 
has taken place between the normal product and aluminum chloride 
because of the high temperatures used? Again the present 'writer’s 
opinion is that the second alternative is correct, and there is support for 
this opinion in the experimental data. Thus, whenever an alkyl shift 
has occurred, some of the normal product 'Was obtained, indicating that 
less drastic experimental conditions would furnish more of the normal 
product. Further, the experimental conditions used were in one instance 
at least, — ^that of 2,4,5-'tiimethylphenyl acetate, — sufficiently severe to 
brii^ about alkylation and dealkylation of the type that is known to occur 
on treating alkylbenzenes with alumimun chloride. It is not our intention 
to say that every alkylphenol ester 'with at least one unsubstituted ortho- 
or para-position 'will undergo a normal Fries reaction. All the facts are 
consistent, however, with the 'view that p-hydro^ ketones can and 'will be 
formed without alkyl riufts if a suitable experimental technique is used. 
Whether these p-hydroxy ketones can be converted to o-hydroxy ketones 
or whether the direct conversion of esters to o-hydroxy ketones can gener- 
idly be effected without tiie occurrence of alkyl diifts is much less certain. 
There is no experimental evidence so far to ^ow that alkyl shifts are an 
int^ral part of the Fries reaction. 

Auweis and his collaborators (4, 6, 9) have examined the behavior of 
twenty-two trialkylphenol esters in which the alkyl groups occupy the 
2-, 4-, and 6-poritions. With these esters the shift or ehmination of an 
alkyl group must occur if a Fries reaction is to take place. The experi- 
ments serve to riiow, therefore, which alkyl groups are most readily dis- 
placed and should be discussed -with other data on the firmness of attach- 
ment of alkyl groups rather than in relation to the Fries reaction. The 
reader is accordingly referred to the original articles for details. 

Our discussion of tire Fries reaction with esters of hydrory derivatives 
cff benzene other than phenol and the alkylphenols -will be brief. Esters 
of the three dihydroxybenzenes have been examined. Hydroquinone 
(fiacetate is reported not to undergo a Fries reaction (35). Catechol and 
resorcinol esters may be converted to the correi^nding dihydroxy ketones 
by the usual technique (38, 50), but a better procedure is to treat an 
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equimolax mixture of tiie diester and the free phenol with, aluminum 
chloride (51, 63). Improved procedures for preparing acylcatechols have 
recently appeared (47). Acykesorcinols can so readily be prepared from 
resorcinol and acid chlorides in a single step that the use of the Fries 
reaction is superfluous (20). Catechol esters furnish predominantly the 
4-acyl derivatives and only secondarily the 3-acyl isomers. 
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From resorcihol both mono- and di-acyl .derivatives may be obtained. 
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For the preparation of 2-acylresor<anol8 see page 428. 

Orientation effects worthy of mention have been observed in Fries 
reactions with the acetates of 4-acetylresorcinol (XVIII) and its methyl 
ether (XXI). These substances would be expected to form symmetrical 
1,3,4,6-tetrasubstituted products, and the ether (XXI) does furnish such 
a product (XXII). The hydroxy compound (XVIII), however, fumi^es 
a mixture of 58 per cent of , the unsymmetrical (XIX) and 42 per cent 
,of the symmetrical (XX) products. These results have been explained 
as due to hydrogar bonding in tiie hydroay compound (XVIH), — ^the 
bonding stabflizing that Hekuld form which leads to the unsymmetrical 
product (11). 
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The acetate of guaiacol (XXUI) has received considerable attention. 
It iUnstrates the effectiveness of nitrobenzene in fadlitatii^ the Fries 
reaction. Without a solvent this acetate and aluminum chloride do not 
react at the ordinary temperature but they do in nitrobenzene solution to 
furnish apocynin (XXIV) (13). The acetate (XXIII) also requires 2 
moles rather than 1 mole of aluminum chloride to bring about reaction 
(17). One mole of the halide is apparently utilized in complex formation 
-with the methoxyl group. 


OCOCH, 

Qoch, 


xxin 


OH OH 

\0CSt ch,coAoch» 


30CH, 

XXIV 




+ 


CHsO 



XXV 


XXVI 


Edchstdn (49) obtfdned from guaiacol acetate Q[Xin) the three 
products XXIV, XXV, and XXVI. The first two of these are to be ex- 
pected, but the formation of the third CXXVI) is most unusual, for the 
shift of an acyl group in a Fries reaction to a potition meta to the hydrosyl 
group is rare. (The diacetate of catechol (see page 425) fumi^es some 
3-acetylcatechol, but this may be the result of an ortho shift from the 
2-position rather than a meta shift from the 1-potition.) The Friedel- 
Crafts reaction with guaiacol and acetyl chloride furnishes the same three 
products as does the Fries reaction -with guaiacol acetate, so the formation 
of the m-hydroxy ketone (XXVI) is not a peculiarity of the Fries reaction. 
The resorcinol draivative (XXVII), which corresponds to the acetate of 
guaiacol, yidds both an o-hydro:y and a p-h3rdro:^ ketone but does not 
yidd a m-hydroxy ketone (44). 
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Esters of pyrogallol (35), phloro^udnol (33, 35, 45) and 1,2,4-trihy- 
dro^benzene (45) undei^ the Fries reaction, and the products are those 
to be espeeted. Smdlarly, esters of various hydroxydimethoxybenzenes 
and dihydroxymetiioxybenzenes have been examined. Generally these 
esters yidd the expected products but one or two unusual results are to be 
noted, together -with the general commit that it would be desirable if 
the work on this group of compounds were confirmed and amplified. 
2,6-Dimethoxyphenyl acetate (XXVHI) with zinc chloride a’; room 
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tffluperature in acetyl chloride as a solvent furnishes compound irynTj 
the acetyl group taking a metar'porition (42). With the same ester and 
aluminum chloride tiie acetyl group takes the para-position to yield 
compound XXX (43). 
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And, although hydroquinone diacetate does not undergo a Fries reaction, 
the diacetate of 2-methoxy-l,4-dihydroEybenzene (XXXI) does to 
furnish compound XXXII (44). 


OCOCH* 

Aoch, 

Xx)CH* 

XXXI 


OH 

Aoch, 

CEUCOl^ 

OH 

xxxn 


Esters of a- and /3-naphthol, of the three hydros^biphenyls, and of tiie 
2-, 3-, and 9-hydro:^yphenanthrenes have been used in the Fries reaction. 
Esters of a-naphthol furnish 4-acyl-l-naphthols at low temperatures 
(59, 39, 58). As the rise of the acyl group increases, the yields of the 
4-acylnaphthols decrease and with certain acyl^groups, such as phenylacetyl 
and benzoyl, the rate of formation of the 4-acyl derivatives is so small that 
thdr preparation is impracticable. If the temperature at which the 
reaction is run is increased, the result is an increase in the amounts of 
2-acyhiaphthols and 2,4-diacylnaphthols formed. Separate experiments 
with the 4r-acyl-l-naphthols showed that, on heating with aluminum 
chloride, they were converted to 2-acyl-l-naphthols and 2,4-diacyl-l- 
naphthols. The failure to recognize the effect of temperature on the 
course of the reaction and/or the riiift of the acyl group from the4rpoEition 
in the 4-acyl-l-naphthols led to much confusion in the early literature 
on the acyl-l-naphthols. i3-Naphthyl acetate in the Fries reaction 
fumMxes l-acetyl-2-naphthol together with 6-acetyl-2-naphthol, the 
acetyl group mitering a different nudeus from that ccmtaioing the hydroxyl 
group (59, 29, 30). 

The shift of an acyl group to a hydro^l-free ring, the fomuiition o£ 
heteronudear hydroxy ketones, has also been encountered in the biphenyl 
series. Aliphatic esters of 2-hydroxybipheQyl are reported to fumidi 
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mixtures of 3- and 5-acyl-2-hydrosybiphenyls (3), the yield of the 3-acyl 
derivatives increasmg "with the size of the acyl group (31). The structures 
assigned the hydroxy ketones are reasonable but have never been proved. 
Esters of 3-hydroxybiphenyl are reported to furnish 4-acyl-3-hydro:igr- 
biphenyls (31). Esters of 4-hydroxybiphenyl furnish both the 3-acyl 
and the 4'-acyl derivatives (16, 32, 25, 26, 16). 

-h. 

Esters of the 3,4- and 2,5-dihydroxybiphenyls yield tars only (31). In 
rile phenanthrene series, the Fries reaction leads to hydrojiy ketones whose 
structures in certain cases have not been unequivocally established and 
the reaction offers no advantages over the Friedel-Crafts reaction (48). 

Considerable attention has been given the hydroxycoumarin esters and 
it has been shown that the reaction proceeds normally in this series, 
leading to the formation of o-hydro:gr ketones. 



The importance of the Fries reaction with these materials is that it permits 
the syntheris of 2-acylresorcinols. 
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Unsuccessful attempts to carry out Fries reactions have been reported 
with the following esters (37) : 


CHaCOO 


h 



\CC!OCHs 

/Ach, 


CEUCO 


O 


O 

h 



^CCOCH, 

/AcHi 


. rv. MECHANISM 

Three mechanisms for the Fries reaction have received serious con- 
sideration and, interestingly enough, while evidence has been presented 
to show that the reaction can proceed by each of the three proposed 
mechanisms, there is as yet no decisive evidence in favor of or against 
any one of the three. This situation, although somewhat unusual, is not 
too surpiismg, for when a reagent as powerful as aluminum chloride is 
used under the conditions of the Fries reaction, many different reactions 
may and probably do take place, so that the task of proving which one or 
ones of these alternatives is the reaction path is not easy. 

The first mechanism to be considered involves two successive steps: 
the decomposition of a phenol ester by sduminum chloride to furnish a 
phenolate and an acid cUoride, followed by the nuclear acylation of the 
phenolate by means of the acid chloride. It is usually represented sts 
follows: 


OCOCH, 

(.)Q 


-I- AlCh 


OAICU 

0 ^ 


CH,coa 


OAICI* 


+ CHsCoa 


OH 



COCH, 


The second step should probably be written 

J ' 

OAlCl, OAlCa* 



-1- GH,COa 


Q 


COCBt 


Alca. 


+ Ha 


for hydrogen chloride is evolved during the reaction (52). 
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Skraup and later Cox favored this mechaoism and advanced evidence 
for it. Skraup and Poller (55) heated m-cre^l acetate and zinc chloride 
at 140°C, in a current of hydrogen but failed to isolate the acetyl chloride 
which they expected according to step A above. This failure they ex- 
plained by the assumption that the acetyl chloride formed was utilized 
too rapidly in step B to permit its isolation. When they heated m-cresyl 
acetate, zinc chloride, and o-chlorobenzoyl chloride under the same condi- 
tions they were able to isolate small amounts of acetyl chloride and of the 
benzophenone derivative (XXXIII). 


ohO 


OCOCH, 


+ o-aoHtCoa 


OH 

Acogh, 


CH,' 


U 


ZnC3i ^ 


OH a 



XXXIII 


+ cHsCoa 


Skraup and Poller Mt that this experiment established &e mechanism of 
the Pries reaction. Actually, whUe the r^ults of the experiment are 
consistent with the mechanism under discussion, they do not establish 
that mechanism, ^rraup’s experiment ^ows that the Pries reaction can 
proceed in the way proposed, but it does not show that the reaction does 
proceed in that way nor does it eliminate alternative reaction paths. 

The evid«ice presented by Cox (19) is from three sources. When Fries 
reactions are run in diphenyl ether as a solvent, p-aryl diphenyl ethers are 
formed. When the cresyl acetates are rearranged in the presence of 
absolute alcohol, ethyl acetate is formed. When 2,4,6-trichlorophenyl 
acetate is heated with aluminum chloride, acetyl chloride is obtained. 
The same comment made about Skraup’s work applies here. This evi- 
dence, it seems to the writer, shows that reaction A, above, can tak;e place 
and it itiiows that the Pries reaction can take place according to the 
mechanism favored by Skraup and by Cox. It does not, however, show 
that reaction A is a necessary step in the process. 

Skraup and PoUer (55) also performed some experiments to determine 
the source of the o- and p-hydroxy ketones obtained from w-eresyl acetate. 
They found that this ester with zmc chloride at 140°C. gave the o-hydro:^ 
ketone, a result consistent with the findings of other workers. They also 
found that m-cresyl acetate did not undei^ any reaction when treated 
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with aluminum chloride at room temperature but that if hydrogen chloride 
was present a Fries reaction took place and both the o-and p-hydroxy 
ketones were formed. From the yields of o- and p-hydroxy ketones in 
several experiments they concluded that the o-hydroxy ketone was the 
first product and that the jj-hydroxy ketone was formed from the o-_ 
hydroxy ketone when hydrogen chloride was present (compare 57). 
These results should be confirmed, for they contradict completely all 
the other evidence on this point. There is no other recorded example of 
the conversion of an o- to a p-hydroxy ketone, and Skraup and Poller 
never carried out a direct conversion of this type. An explanation of 
thar results would be possible if one assumed that zinc chloride and 
aluminum chloride act differently in the Fries reaction (compare the data 
on the acetate (XXYIII) on page 426), but these results are so strikingly 
out of line with those of other workers that an attempt to account for 
them is idle until they have been verified. 

The second mechanism for the Fries reaction is that proposed by Eosen- 
mund and Schnurr (52), who suggested that the reaction was bimolecular 
with one molecule of ester serving to acylate a second molecule. 

(O <"~~>OCQCH< + < >OCOCH8 ^ 

< >OH -1- CH»CO< ^OCOCH, 

(D) CH»CO< >OCOC!Ha -H < >OH ^ 

2CH»CO< >OH 

In support of this suggestion Rosenmund and Schnurr showed tiiat when 
p-cresyl acetate in nitrobenzene was treated with aluminum chloride no 
appreciable reaction took place in 24 hr. at room temperature. If, how- 
ever, to the reaction mixture just described one equivalent of thymol was 
added, a 60 per cent 3 deld of thymyl methyl ketone, together with p- 
cresol, was obtained in 8 hr. The explanation given for these results was 
the following: p-Cresyl acetate did not react at room temperature, for 
the only reaction possible is that leading to an o-hydro^ ketone, and the 
rate of this reaction is n^gible under these conditions. Thymol, how- 
ever, can 3 deld a p-hydroxy ketone, and p-hydroxy ketones are formed at 
room temperature. The p-cresyl acetate served as the acetylating agent; 
that is, reaction 0 above took place between two differmt substances 
instead of between two molecules oi the same substance. 
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CH»< ^OCOCHi + 


CH, 

)H 
3H(CH,), 


AlCl^ 


CH8< >oh + 


CH, 

CHsCOA 


yoH 

CHCCHg), 


Roseommid aad Schnurr also showed that whea a inixture of p-cresyl 
benzoate and 2-chloro-4-methylphenyl acetate was heated with alumiaiua 
chloride, all four posable products were formed. 


0C0C,H5 



OCOCHs 




OH 

Acoch, 




This experiment was interpreted as an example of reaction C above. 
Eadi ester served to acylate another molecule of tiie same ester and also to 
acylate a molecule of the other ester. 

It is clear that Rosenmund and Schnurr’s results follow very neatly 
from th^ mefdianism. It must be pointed out that they are e^^licable 
equally well on the basis of the first mechanism considered and also as a 
result of an acyl interchange. Thus if a reaction of the foUowii^ sort 
takes place, Rosenmund and Schnurr’s experiments lose their s^nificance. 

OCOCH, OCOC^Hs OCOOHs OCOCH, 

0 *0 “0 " 

CH, 


Auwers and Mauss (8) established the occurrence of an acyl interchange 
when they heated 2,4,6-trimethylpheayl acetate and p-cresyl benzoate 
with aluminum chloride and obtained the three products shown in the 
equation below. 



THE FBIES BEACnON 


433 


CH, 

CH, 


CHalJcH, 

0 

Aia^ 

OCOCH, 

OCOCeH, 

CH, 

A 


CH,' 

\JcH, 


OCOC.H5 


GHs 

Qcoch, 


^./^COCeHs 

OH 


The situation vdth respect to Rosemnund and Schnurr’s mechanism is then 
precisely the same as the situation -with respect to the first mechanism 
contidered. The Eosemnund and Schnurr mechanism is a perfectly 
possible one, but there is no evidence which establishes its correctness 
and eliminates the other alternatives. 

The third mechanism, which considers the Fries reaction to be a true 
intramolecular rearrangement without the intervention of normal valence 
compounds as intermediates, has been championed principally by Auwers. 
His argument is that there is a difference in the course of the reaction 
leading to a hydroxy ketone depending upon whether the acyl group comes 
from vdthin the reactir^ molecule (Fries reaction) or from another molecule 
(Friedel-Crafts reaction). Auwers and Mauss (7, 8) illustrate this with 
the following t 3 npical exp^iments: 


CH, 


CHb 



+ 


CHsV^^O^ CH)' 

OH 
CH, 


CH, 

0 “" 


OH 


0 


CHjWCOCH, 
OH 


The value of this comparison between two different reactions uting differ^t 
starimg nmterials is difficult to assess. Auw^ stresses the statement 
that, while the Friedel-Crafts reaction with a phenol ether may lead to a 
m-liydroxy ketone, the Fries reaction with a phenol ester alwa 3 rs leads 
to 0 - or p-hydroxy ketones. However, the formation of «i-hydroxy 
ketones, thoi^ rare, is not unknown in the Fries reaction, for guaiaeol 
acetate pves just sucffi a product (49) (compare page 426). Ihe best one 
can say about the view tiiat the Fries reaction is b true intramolecular 
rearrangmnent is the same statement that was made about the other 
mechaiusms,'^it has been neither proved nor di^roved. 
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y. BBTEBSAL OF THE FRIES REACTION 

Rosenmuad and Schnurr ( 52 ) found that with certain 2>-hydroxy ketones 
the Fries reaction could be reversed, that is, the hydro:^ ketones could be 
converted to phenol esters. The requisites, structural and experimental, 
for the reverse reaction have been carefully determined. The jj-hydro^ 
ketone must contain a substituent ortho to the acyl group and the reversal 
is effected by heating with sulfuric, camphorsulfonic, or phosphoric acid. 

OH OCOCH, 



GOGH, 


Bosenmund and Schnurr believe that this reverse Fries reaction, like 
the Fries reaction itself, involves two molecules of the reactants and takes 
place in two steps. These two steps are the reversal of the two steps 
(reactions C and D above) which were suggested for the mechanism of 
the Fries reaction. 


GH, 

(M G4H,GO<r~^H + G4H»G0 
CH( 


[(CH,), 


GH, 

OOH 

CH(GH,), 


GH, 


GH, 


G,H,GO<r~^(K!OG«H, + 

CH(GH,), ^m( 


H 

(GH,), 


GHi GH, 

(JP) CMtCXX^ >OGOG,H, + <C~yOE. 

GH 


(GH,), 


GH, 

2<^^0G0G4H, 

GH(GH,), 


Using the phenol ketone shown in equation E it was posdble to ^p the 
process at the stage represented by this equaticm. For when this phencd 
ketone was heated in high vacuum with the catalyst, thymol was removed 
as fast as it was formed. Reaction E could also be effected bet^reen two 
unlike molecules, for the ketone (XXXIV), which on heating with acid 
alone is unchanged, reacts as follows when heated with add and phenol: 
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CHj 

C»H7CO<f~^CH, + < >OH 
CH(CHa)3 


XXXIV 


csa, 

<f3ocHa 

GH(OH,), 


+ < >OCOCJgT 
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I. HISTOBICAIi mTEODUCTIOlI 

The addition of ozone to the ethylenic double bond, followed by ozon- 
ol3r^, the decompodtion of the resulting ozonides, has been described 
recently (47) as the most general and reliable procedure for oxidative 
deavage with simultaneous location of the double bond. Althou^ ozone 
was discovered as early as 1785, its usdulness has been realized oidy 
within the last thirty-five years. 

The reaction of ozone with organic compounds was first described by 
Schfinbein in 1855 (134). When he bubbled ethylene throui^ water into 
ozonized mr, the bubbles exploded at the surface of the water, and a mix- 
ture of carbonic acid, formaldehyde, and formic acid was obtained. Many 
investigators attempted to apply the method during the next fifty years, 
but few favorable results were reported. Of the niunerous papers which 
appeared dTirii^ this fifty-year period, only those of Houzeau and Dieck- 
hoff were important contributions. Houzeau (79) was the first observer to 
describe the isolation of an ozonide. He obtained, from the treatmmit of 
benzene with ozone, a white amorphous product which 6X|dod»l very 
readily, yielding a relatively large amount of acetic add. Diethhoff (32) 
cmried these experiments a step further by isolating a crystaUine product 
which exploded at 50°O. 

> Present address: Cobb Chemieal Laboratory, Univerti^ of ^^rgjnia. Univer- 
sity, Vlrgmia. 
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Harries (52) continued this work, and from 1901 to 1916 published 
ninel^-six papers (53) concerning ozone and its reaction with organic sub- 
stances. Ibiese researches covered the entire field of ozonol 3 rsis in a com- 
prehensive maimer, and resulted in establishmg the reaction on a useful 
basis. 

Furth^ investigation has added new knowledge of the mechanism of 
the reaction, but its complete elucidation still remaios for future solution. 
In 1925, Staudinger (142) made an important contribution to the theory 
of ozonization, which has been added to in the work of Bieche (126), 
Pummerer (122), F. G. Fischer (42), and Briner (18). Other advances 
have been n^e by F. G. Fischer (40) and Whitmore (152) in the methods 
of decomposing ozonides. Quantitative studies of rates of ozonization 
have been undertaJren in recent years (23, 115), and, in addition, Briner 
and his collaborators have made numerous measurements of the physical 
properties of ozonides, such as the Eaman spectra (16), dielectric constant 
(17), and heat of ozonization (20). 

n. THB THSOBT OF OZONIZATION 

The theoretical treatment of ozonization has received the attention of 
many investigators, bijt still renudns an unsolved problem. The reaction 
has, nevertheless, been applied successfully to many questions of structure. 
The slow development of the theory of ozonization is etraily understood 
when the unstable and e:q>losive nature of the intermediates, the so-called 
ozonides, is considered. In addition, the course of the reaction is very 
sensitive to numerous factors, such as the ozone concentration, the dura- 
tion of ozonization, the temperature of the reaction,, the solvent, the 
concentration of the solution, and, of most importance, the method of 
decomposition. 

In formulating a theory of ozonization, consideration must first be ^ven 
to the structure of the ozone molecule. Many arrangements of the osygen 
atoms have been presented (136), of which the two most commonly con- 

tidered have been, the cycUc structure 0 0, in which the three o:^gen 

atoms are bivalent, and the chain formula of Harries, 0=0=0, adopted 
by analc^ to that of sulfur dioxide, 0=0=0. The pronounced reac- 
tivity of one of the three oxygen atoms in the ozone molecule is not 
accoimted for by either of these structures, and a third formula (104, 105), 
in which only two of the oxygen atoms are linked by a double bond, is 
currently accepted. 


: 0 :: 0 : 0 : 
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There is in ozone, accordingly, one oxygen atom held by a codrdinate 
valence, which should account for the abnormal reactivity of the molecule. 
This atom would be’ repelled easily, would exhibit a tendency to complete 
its octet, and would facilitate the addition of the molecule to the carbon- 
to-carbon double bond. 

Harries (34) visualized an addition compound as the initial substance 
arising from the action of ozone on a double bond, analogous to other 
products of addition to an unsaturated linkage, 

R«0=CR* + 0=0=0 -» KjC OR* 

I I 

0 — 0—0 


but his e3q>erimental evidence was relatively meager. 

His proof rested chiefly on two observations: firstly, that mesiiyl oxide 
forms an ozonide which, on heating, ^ontaneou^ regenerates mesityl 
oxide (54), 

0 — 0—0 

(CH,)sC=CHCOCH, + Os ^ (CH,)si; iHCOCH, 


and that fumarie acid adds ozone loosely and loses it on standing (54), 
HOOCCH + O, HOOCCH— 0 

ntcooH 6 

A 

HC^OOH 


Pummerer ( 123 !) and Biiner (15) have recently repeated these experiments 
and have been unable to duplicate Harries’ observations. Harries had 
found, however, that these ozonides, on reduction using all of the methods 
then known, did not yield dther the starting materials or the 1,2-^cols 
which would be expected according to his formula. 



RiC— OR, 

6h6h 


Pummerer (122) and F. G. Fischer (42) have repeated Harries’ reducliiHi of 
mesityl oxide ozonide, employii^ the gentlest methods of reduction in &e 
cold, such as the use of hydfoquinone, hydrazobenzmie, aluminum amal-' 
gam, zinc dust plus silver nitrate and hydroquinone as catalysts, and 
catalytic hsidrogenation at O^C., and have been unable to detect the pres- 
ence of the ^ycol in any e:q)eriment. 



440 


LOUIS LONO; JB. 


Staudinger (142), in 1925, had stressed^e importance of these funda- 
mental objections, and considered his isd^onide formula. 


lUa .CR* 
^00/ 


to be correct for most ozonides. Here th.^ carbon chain is already broken, 
so that only the usual decomposition; products would be expected on 
reduction, and not glycols with intact carbon chains. As primary products 
of ozonization he assumed the formation of molozonides, to which he 
assigned the formula, 

0 — 0=0 

Esi-iiU 


which could become stabilized either through rearrangement into iso- 
zonides or through polymerization to higher molecular forms. He arrived 
at this hypothesis because, firstly, both monomeric and polymeric ozonides 
can be obtained from the same substance by using different solvents, and, 
secondly, the monomeric ozonide once formed cannot be polymerized. On 
this account, it appeared necessary to assume that these are secondary 
products, and that, initially, a primary ozonide, a so-called molozonide, is 
formed, which can either polymerize or undergo rearrangement into the 
stable monomeric form, the so-called isozonide. The lability of the molo- 
zonide is a logical consequence of its four-atom ring structure. The fre- 
quent explosions encountered in the action of ozone on unsaturated organic 
compoimds can be attributed to the decomposition of such an unstable 
product. Harries (67) states, for example, that, in the ozonization of 
amylene in a concentrated hexane solution, the liquid suddeidy inflames, 
whereas the pure amylene ozonide can be heated to 60®C. without ex- 
ploding. In the latter case, the molozonide is assumed to have been con- 
verted through rearrangement into the more stable five-atom ring iso- 
zonide. Staudinger represents these assumptions as follows: 


E*0=CIU+0,- 


B«C— CBa-- 

I 1 

0 — 0=0 


lua ^OR,- 

X)CK 


► R«C=0 -1- 0=CR« 


i 

EtC— CR, ' 

i 


RtC CR. TBiC! CR,n R,C^— CR, 
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This foimulation is analogous to the fonuaiion of an monommc 

peroxide, a so-called moloxide (37), which can then either resurange or 
polym^ize. 


RO=0 ®\ 

I ^ Q y Q Q 

R'/ ^ R'/ \>—c/ \r' 


The less labile five-atom ring configuration of the isozonide favors its 
formation by rearrangement, and is the formula ass^ned to all stable 
monomeric ozonides, which include those of all aliphatic etiiylenic deriva- 
tives, the monommc form of cyclopentadiene, dicydopentadiene, oldc 
acid and also the ozonide of rubber. The fact that the products of reduc- 
tion are aldehydes and ketones or the corresponding alcohol, and the fact 
that glycol derivatives have never been obtained, are favorable indications 
of the validity of the isozonide formula. 

In connection with the polymeric ozonides, it is interesting to note, in 
support of this hypothesis, that such products have alwa]^ been observed 
where they would be e^)ected; namely, where the rearrangement would 
be difi&cult, particularly where the double bond is in a ring. These cases 
include cydopentene, cyclohexene, cydoheptene, dicydopentadiene, dihy- 
drodicydopentadiene, and ozonides of aromatic compounds. 

The effect of tiie solvent is also important. In acetic acid, where asso- 
ciation of molecules does not readily take place because of its polar char- 
acter, monomeric ozonides are almost invariably obtained. On the other 
hand, in carbon tetrachloride, which is non-polar and favors association, 
the polymeric form is the rule. 

Staudinger visualize a third reaction of a molozonide, to satisfy those 
cases where no stable ozonide can be isolated, in vddch an immediate 
breakdown of tiie molecule takes place, yiddh^ a ketone and a ketone 
peroxide. 


E,(>=CR* 

+ 

0 - 0=0 


R,C— CR,- 

0 — 0—0 


► EjC -t- OR* 

A A-o 
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Staudinger considered his theory an important new conception of the 
constitution of ozonides; it has been partially substantiated, though not 
completely proved. He considered its analogy to the action of oxygen to 
form peroxides a strong factor in its favor. 

Since the publication of this paper (142), the constitution of the mono- 
meric butylene isozonides has been partially proved synthetically. Rieche 
(127), in 1932, reported the sjmthesis of a substance which he stated to be 
identical with the ozonide obtained by ozonization of butylene. By the 
addition of 2 moles of acetaldehyde to a 3 per cent ethereal solution of 
hydrogen peroxide, a solution of dihydroxy ethyl peroxide was obtained, 
which yielded, on removal of the ether in vacuo and subsequent dehydra- 
tion in vacuo in the cold, a small amount of the monomeric butylene 
isozonide together with a larger quantity of its dimer, as follows: 

CH 3 



The isozonide theory also offers a simple interpretation of the formation 
of a peroxide by hydration of the ozonide of ethylene, reported by Briner 
and Schnoif (21). 

H2C^=CHi > HjC? — 0 — 0 — CHs ' > HsC — O — 0 — CHs 

> I 


Other evidence in favor of Staudinger’s formula was obtained by Hieche 
(126) from a consideration of the physical properties of ethylene and 
butylene ozonides. A comparison of the molecular refraction, the para- 
chors, and the ultraviolet absorption spectra of these substances with 
those for monohydroxy dimethyl peroxide, dimethyl peroxide, and mono- 
hydroxy ethyl methyl peroxide, indicated the presence of a similar group 
in both typ^ of compoimds. As a result, Rieche concluded that two of 
the oxygen atoms in an ozonide form a peroxide linki^e, and that the third 
oxygen forms an ether bridge. 

Rieche has suggested an alternate formula for polymeric ozonides to that 
proposed by Staudinger: namely, — 
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Si S S 

— 00— — O— i — 00— —C — 0— — O— 

i i i, li 


It is based on the alternation of ether and peroside linkages, and conse- 
quently finds some support from the ultraviolet absorption spectra of these 
compounds. 

Harries presented his ozonMe formula on the bams of investigations of 
the products of decomposition of ozonides, -which he found to include 
acids, aldehydes (or ketones), and frequently peroxides. Harries con- 
ceived the followup scheme of decomposition (54): 


H H 
RC CR' 


<!)— o— i 


+ H,0 


RCHO + R'CHO -1- H,0, (1) 


H H 

0 — 0 — 0 

(2) 

H H 

9®- 1^ RCHO -1- R'C 

A-o4 \ 

(3) 

RCOOH -1- R'CHO 

(4) 

H E 

IC CR' 


i— o— (!) 


RCHO + R'COOH 

(5) 


Rieche maintained this decompomtion mechanism to be improbable for 
three reasons: (i) The indubitable i^le of water becomes thereby incon- 
siderable. (8) The peroxide bridges of the ozonide are broken. Thb 
contradicts his e3q>eiience with alkyl peroxides. (5) The peroxides re- 
sulting from decomposition, which show stability, have a differmit consti- 
tution than Harris assomed. Molecular wm^t determinations indicate 
a double value, and the peroxides tiioold be formulated thus: 

H H 

R — — 00 — — ^R 

i A 
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Rieche (126), in 1931, developed a new scheme (see below) of decom- 
position, based on much espeiimental work, which apparently accoxmted 
for all the known facts. 


R(6 + H*0 

i 

H H 

RO-O-0— CR' 

i i 


HjO + RCOOH Ilia 


i: 


)E 


H 

] 

H 

[ 


Ilia 

Illb 

R'GOOH -1- H,0 

t 

^"lla 


H 

R'— i-OOH -1- RCHO-, 



in 

IVa 

IVb 

i 

R'CHO + HjO, 

H 


H' 


Va R 


i-0— 0 — (Ij- R' 
in in 


Vb R 


H H 

i. — ^5 — 0 — 0 — C — ^R 
OH in 


Ibe sequence and probability of Ibe various st^ in the decompodtibn 
was supported by Rieche by analogy to similar processes occurring with 
alkyl peroxides. 

An interesting substantiation of Rieche’s ozonide ftmnula and of his 
ozonide decomposition mechanism has been obtained rec^tly by W. Leh- 
mann (102). AUylbfflizene ozonide was treated with soiRom malonic ester, 
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and the resulting product decomposed with water. This reaction was 
attempted because W. Traube and E. Lehmann (148) had reported that 
sodium malonic ester and ethylene oxide react vigorouitiy in the following 
manner: 


H,C 


0 + Na- 


H,6' 






COOCjHj 


\x)oaHj 


H— C— ONa 

I ^OOC*Hb 
H — C — CH^ 

3^ 


Since a like grouping is a^umed to be present in ozonides, a similar reaction 
should occur. The reaction was assumed to follow the course outlined 
below. 

n r CX)OC»B[»" 

/ 

C,H,CH,C CH* + Na CH 

\)(y' 


(A) 


CH(COOCjHs)* 


ONa 


'^coocaJ 

(B) CH(COOC,H*), 
+ ONa 

I— oodm. 


CeHsCHjCH— OOCH, CiH,CH,CH- 

(A) ONa CHCCOOCiHs), (A) ONa CH(COOC,H.)i 

CJBUCHtiH— o|o— in GaCH,<! 


i 


:,i-ojo— is, 

1 


ONa 


ONa 


CyBEiCHtis + c6{CX)0CSd, CSsCHjC^ 

in 

H0CH,CH(000(yH,), 

CVHkCHjC + NaOH 
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(B) CH(COOCsHs)* ONa 

CeHsCHsd)— — ojo ins 

_| 1 


(B) CH(COOCyE*), ONa 

Jm o 


ri“ 


CjEjCHsC 


1 


CH(COOC,Hs), ONa 
CtHsCHjCf^ + H— i— H 

ii 




/ OH 


O 


H— C + NaOH 


1 


S I 


H 

C,H5CH,icH(COOC,H»)s 

in 


+ H- 


:V” 

\) 


By the isolation of fotmic add, phenylacetic add, jS-benzoylisosucdnic 
add, an unsaturated lactone ester (CisHuOO) tiie half-acetal of phenyl- 
acetaldehyde and ethyl alcohol, and a dihydn»Qrte1aracarbosylic add 
(C^ioOiO, secondary products antidpated by the above mechanism, it 
-was shovm that the ozonide must have had the Staudin^r structure. 


RClE ^CR' 

\)o/ 


and, since these products could not have been obtained from the ozonide 
formula of Harries, the latter must be rejected-. 

F. G. Fischer (42), in 1932, described an improved metiiod of decom- 
podng ozonides by catai^c hydrogenation, whereby a marked improve- 
ment in tile sdeld of aldehydes and ketones was obtained. On the bads 
of the Staudiz^er formula, the mechanisn was assumed to be 

/OO^ 

R,C CR« -H H, » RsO-O + CMCR* + H,0 (6) 

N)/ 

BC'^ CE • ECOOH + ECHO (7) 

V 
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Equation 7, the so-caJled “acid rearraii^einent”, was observed to take 
place as a secondary reaction to the hydrogenation. The yield of acid was 
found to vary proportionately with the temperature of hydrogenation. 

In 1938, Briner (18) tentatively suggested an alternate ozonide formula 
in order to accotmt for certain properties of ozonides which had been ob- 
served in his laboratory. His experiments indicated that certain ozonides 
can decompose in two wa3rs. For example, anethole ozonide yielded, in 
the absence of water, chiefly anisic acid and acetald^yde, whereas hot 
wato:, with acceleration of the reaction, gave anisaldehyde and acetic acid. 

, CH*OC,H«COOH + CH,CHO 


CH.OC*H4CH(^*^^^HCHi 




CHiOCiHiCHO -f- CHiCOOH 


It was also found, by treatment of the ozonide with potassitnn iodide, 
that an amount of active oxygen was present corresponding to that required 
for the addition of 1 mole of ozone per mole of anethole. It was concluded, 
therefore, that a characteristic property of the ozonide molecule is the 
retention of the peroxide activity possessed by the mole of ozone added. 
The Staudii^er formula was found to accoimt for the first observation 
witii respect to the two methods of decomposition of the anethole ozonide, 
but it was hdd to be an inadequate representation of the peroxide diar- 
acter of the ccnnpound. 

The contention was that the oxygen atom endowed witii peroxide prop- 
erties does not occupy a special petition in the formula. The only oxygen 
atom which has a special position is known to function like tiie mygen of 
an anhydride on the batis of the hydration of ozonides and delydration 
cd peroxides previoutiy referred to. The peroxide os^gen atom is there- 
fore one of the two others, and it is in connection with this formulation 
that a question has been raised. A similar prolflem exists in the case of 
the peroxides. 

One metiiod of separately identifying one of the atoms is to use a co- 
ordinately bound oxygen atom. 



This type of fonnula has been su^ested for hydre^S^ peroridc (111) and 
other peroxkles (143) by many autiiois, but it has in^ired much oppositicn 
because the expected products of decomposition have not be^ observed 
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(8, 157) . For these reasons, Bieche placed the two o^gen atozos adjacent 
to each other without a bond, thereby admitting implicitly that the oxygen 
bridge — 00 — determines the peroxide action. On the basis of recent 
work with Raman spectra (11), certain Russian authors have reconsidered 
a coSrdinatdy bound oxygen atom in peroxides. Without discussing it 
further, Brin^ has indicated the possib^ly of renewii^ the consideration 
of peroxide and ozonide formulas. 

The theory of the ozonization of acetylenes has been developed to a 
le^er extmt than for olefins. Harries (55, 55) was the first to attempt 
the addition of ozone to a triple bond. Practically quantitative yields of 
the adds anticipated from scission of the triple bond were obtained from 
the ozonization of stearolic acid and phenylpropiolic acid. Consequently, 
Harries formulated the reaction in an analogous manner to that for olefins, 
with the substitution of adds for aldehydes, or ketones, as the reaction 
products. 

C^C“ + Os — C==0“ + H}0 COOH + HOOC-~ 

A-4 

V 

In 1929, Briner and Wunenberg^ (22) improved the work of Wohl and 
Braunig (162) by isolating ^oxal in 81 per cent yield from the ozoniza- 
tion of acetylene. This was an exception to the previously observed phe- 
nomena, in that it represented the only instance wherein the — C — C — 
bond had not been broken by the decompodtion of an ozonide. More 
recently Hurd and Christ (83) have discussed the course of the ozoni^ 
tion of acetylenes. By analogy to the definic structures, three possible 
formulas were suggested. Formula I is a pvodification of Harries' struo- 
ture, whereas formulas H and 111 eorreq[>ond to Staudinger’s molozonide 

Rr— — ^R R~C^=C — ^R 

o <!)— (!>=o 

\)c/ 

I n HI 

and isozoni<k repres^tations. All of the various formulas satisfactorily 
interinet the evidence of hydrolyds, giving rise to adds, via o-diketones 
(or ^oxals) and hydrc^^ peroxide. In the case of glyoxd forination 
from acetylene oamide, the reactions would be: 
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HO-OH + HsO, 

i h 


HC— CH + H,02 

i A 

■ OH OH- OHO 

HC— dsH ni— (J h 

.U. 6— OH 

O O 

hA-(1h + HA 

In all cases, tiie subsequent reaction is 
0 0 

hUh + HOOH 2HCOOH 

By analogy to the olefins, the authors favored structure H, in piefeteuee 
to 1, for the inilM addition product. 

Shortly tiiere^t^, Jacobs (84) reported the isolation of l,2-dfic6t(nies 
from the ozonization of diphenylacetylene and benzylphei^lacetylene, 
evidence which offered strong support for the formation such compounds 
as intermediate in the ozonization of acetylenic substances. The amor- 
phous character of the unstable product of ozonization at low tmnpeia- 
tures indicated that it was polymeric, whereas Hurd and Christ assumed 
the formation of only monomeric species. Another example of a similar 
nature has been reported currentiy fmr the ozonization of benzojhnetit^d- 
aeetylene (45) to mesityl phenyl diketone. Although mesitjd {hmiyl 
triketone would be e:q)ected as the primary product of tlm action <£ ozone, 
it is known (46) that the diketone is a deeompotition product ci the 
triketone. 

C»HuCsCCOC<H 6 -»* C,HnCOCOCOC.Hj C.HuOOCX)Ca 

Another theoretical inteQnetation (118) of the decaDopoaticm nS acetyl- 
ooe ozonides has been suggested recmitiy, prompted by the ohserved 
decompotition of 1-heptyim ozonide into ciqnxHe add sod fmznie add fant 
with an aimonnaQy low yidd d the latter. This low jidd eotM be 


H0==CH -f HjO 

A A 
V 

HO=CH + H*0 

o-i=o 


lA 


CH -1- HsO 
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accounted for by a spontaneous decompoation of the ozonide into caproic 
acid and carbon monoxide. 


C^aC=CH 

V 


CtHuCOOH + CO 


As a mechanism, the authors suggested that the unstable ozonide rapidly 
rearranges into the mixed anhydride of caproic and formic acids, 
CsHuCOOOCH, which would decompose into caproic acid and carbon 
monoxide, as observed by Behai (10) for the mixed anhydride of acetic 
and formic acids. This so^estion of FaHlard and Widand appears to be 
substantiated by very little experimental evidence. The work of Jacobs 
and Fuson, in which 1,2-diketones were isolated, indicating that the 
original carbon-to-carbon bond was unbroken, presents facts of a definitely 
contradictory nature, of which Paillard and Widand were not cognizant. 


m. THE METHODS OF OZONIZA.TION 

Althoi^h ozonolysis has been referred to frequently as the most suitable 
metiiod for the location of an unsaturated carbon-to-carbon linkage, its 
application in many laboratories has been curtailed by the lack of a 
suitable ozonizer. In the papers of Smith (139) and Heime (75), a simple, 
efficient, inexpendve apparatus is described which has been designed to 
generate ozone of h^ concentration. 

The vessd in which the ozonization takes place has apparent^ recdved 
less attention from experimenters than almost any other phase of the 
reaction. Its construction, however, materially affects the use of the 
metiiod, and is a subject which deserves more consideration. The problem 
is diiefly one of contact between a gas and a liquid, and is met usually by 
merdy insertii^ a gas inlet tube (78) in a test tube. VoUmann and 
eoworkers (150) advocated the use of a tube with a fritted-glass bottom, 
a decided improv^ent over the usual metiiod. An isolated instance of an 
interestii^ modification of the ozonization reaction vessd has been de- 
scribed in the application of a countercurrent flow of ozone and the solution 
to be ozonized throi^ a tower packed witii small glara rings (122). 

It has been found necessary to vary the concentration of ozone in the 
ozonized oxygen bubbled through the solution to be ozonized, in accord- 
ance with the nature of the compound bdng tested. A high concentration, 
14 or 15 per cent, facilitates addition of the rei^ent to aromatic compounds 
and substances with conji^ted double bonds (78, 103), whereas a low 
cmicentration, 1 to 5 per cent, is essential for the isolation of certiun 
alddiydes which are' sensitive to oxidation. To reduce the concentration 
of ozone, the gas stream is passed through a solution of sodium hydroxide 
before entering the ozonization vessel. In the ozonization of ergosterol 
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(123), aa abnonnaUy high oxyg^ concentration was found in the ozonide 
isolated when 8 to 10 per cent ozone was used. By reducing it to about 
2 per cent, the normal ozonide was obtained, which led to the elucidation 
of the side-chain structure. In almost every instance, excessive ozoniza- 
tion must be avoided, because of the oxidative effect of the ozonized oxygen 
on the reaction products. When complete absorption of ozone does not 
occur, this factor becomes one of the most difficult problems in the reaction. 

A number of solvents have been found us^ul by various workers, and 
no very general rules can be given. Although substances which are 
attacked by ozone would seem to be inapplicable, this is not necessarily 
the case, for methyl alcohol (15), chloroform, and other liquids known to 
be sensitive to ozone have been used successfully. In special cases, as in 
the ozonization of maleic acid (15, 57), water also has been found to be 
suitable. Dry pure ethyl acetate was stated by F. G. Fischer (42) to be 
the best solvent for a number of aliqrdic and straight-chain unsaturated 
compoimds. Acetic acid (with and without the addition of acetic an- 
hydride), hexane, petroleum ether, carbon tetrachloride, and methyl and 
ethyl chlorides have been used frequently and successfully. 

The concentration of the solution may be varied widely, but for most 
olefins dilute solutions and low temperatures are pr^erabte (42). For 
aromatic substances, in cases where the material is a liquid, no solvent is 
necessary, as exemplified by Harries’ classical ozonization of benzene 
However, the danger of explosion is here greatly nu^nified. 

The effect of staructure on the relative stability of the ozonides oi differmt 
compounds has been noted in a few instances. The ozonolyos of aromatic 
compounds has frequently led to substances of an mq>losive nature (53). 
In a study of the ozonization of the d^ydration products of the alcohols 
BsCOH, R'HjCXIH, and R'Il"R”'COH contmning normal alkyl groiqe 
from methyl to n-amyl, it has been reported recently (30) that, &ougb 
most of the ozonides showed little e^losibility, those of the hi^y 
branched and heavier olefins were the most unstable to light smd heat. 

, IV. ’rmi! MBIHODS 07 DBCOlCPOSmOW 

The significance of the ozoni^tion method for the jnoof of structure 
and prei)arative purposes is diminished greatly because of the often un- 
satisfactory decomposition of the ozonide. Little mmct W03& has been 
done on these methods. 

In g^etal, the ozonides of the h^her aliphatic, simple, un sa t n r ated 
hydrocarbons are v^y stable, like those of Iq^dtoaromatio sohetasees. 
On the other haiui, the ozoiddes of the drmbly unsitmated, f^^hatie. 
h 3 rdroearbons decompose readily. Aliphatic ozonides contn^mg Oregon 
in other parts of the molecule react readily, in almost every ease, with k» 
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water. Similarly, decomposition of ozonides of benzal compoimds and 
their oxj^en derivatives takes place very quickly. Of the different rii^ 
syst^ns, the ozomdes of six- and seven-membered ring compounds are 
stable in comparison with those of five-membered ring compounds. 
Ozonides of compounds of very h^h molecular we^t, like rubber, 
resinify when heated with water, owing to intramolecular oxidation. 

Because of the explosibilily of the ozonides of the keto chlorides of un- 
saturated ketones and aldehydes, Straus (146) devdoped a useful applica- 
tion of the decomposition with water. By drawing a stream of moist air 
through the ozonized solution, and thereafter adding water and heating, it 
was found possible to decompose gently these extremely unstable com- 
pounds, and to isolate products which could be used to prove the structures 
of the keto chlorides of benzalacetophenone, CeB[6CQ=CHCHClC^, 
cinnamylideneacetophenone, CACC1 =sCHCH’=sCHCHC 1C A, dibenzal- 
acetone, C 6 H 5 GH=CHCQ’=>CHC!E[C 1 C 6 H 5 , and cinnamal chloride, 
Cja[*CH=-CHGHClj. 

Methods of oxidative cleavt^ge of ozonides lead to adds as tiie products 
of ozonization, and have found relativdy few applications. DtUl (35) has 
made a comprehensive investigation of a number oi different oxidants, 
includii^ chromic add, alkaline and add potasdum permanganate, al- 
kaline hydrcgen peroxide, Caro’s add, nitiric add, iodine in alkaline solur 
tion (160), and catalytic oxidation witii manganous hydroxide, mangiinous 
acetate, and palladium as catdysts. Decomposition with alkaline per- 
manganate or with hydrogen peroxide in alkaline solution proved to be 
the most useful methods. 

Hie important kolation of geronie add and isogeronic add from the 
ozonization of cccarotene in g^ial acetic add was accomplished by 
Earrer (91) by decompodtion of the ozonide with water and a small 
amount of h 3 rdrc%en peroxide. 

Since, in many oases, it is essential to isolate certain aldehydes or 
ketones, instefad acids, as products of decompodtion of ozonides, methods 
of reductive decompodtion have been investigated extendvely. Treat- 
mmt of the ozonide with tiie reducing rea^nt without dday after the 
ozonimtion has been found essential for the avoidance of acid decompod- 
tion products in many cas^. In Pummerer and Bichtzenhain’s (122) 
apparatus for countereinrent flow of ozone and the solution of the sub- 
stance to be ozonized, tiie decomposition is accomplidied without any 
delay, as the ozonized solution flows directly into the flask containiiig the 
reducing agent. Aluminum amdgam and water was found to be a good 
reducing agent for medtyl oxide ozonide, as well as a mixture of water, 
dne dust, dlvmr nitrate, hydroquinone, and'dioxane. For the decompod- 
tion of the very stable ozonide of dihydrodicyclopentadiene, it was 
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necessary to resort to zinc dust, glaical acetic acid, and heat. 3,6-endo- 
Metiiylenehesahydrohomophthalic dialdehyde was isolated in fair yield. 
Potassium farocyanide was found by Harries (58) to serve well for the 
preparation of particularly sensitive aldehydes and ketones, since the 
formation of tarry products was retarded. 

Whitmore and coworkers (30, 152) have made a thorough study of 
various metiiods of decomposii^ ozonides, including the use of tine and 
acetic acid (66, 114), of potassium ferrocyanide (58), of sodhun bisulfite 
(21), of cat{d3rtic hydrogenation (40, 42), and of oth» new methods in- 
volving the action of acetic anhydride, propionic anhydride, liquid am- 
monia, and hydratine hydrate solution. The olefins employed in this 
study of ozonolysis were obtained by dehydration of some twenty-two 
tertiary alcohols containing various combinations of normal alkyl groups, 
from methyl to amyl. The best method for decomposing the ozonMes mis 
by treatment witii water and zinc in the presence of traces of tilver and 
hydroquinone. The effectiveness of these catalysts was indicated by tire 
following yields of carbonyl products isolated: acetaldehyde, 38 per cent; 
propionaldehyde, 18 per cent; butyraldehyde, 27 per cent; valeraldehyde, 
38 per cent; diethyl ketone, 57 per cent; and di-n^amyl ketone, 63 per (^t. 
Althoi:gh this method proved to be most successful in the hands oi Whit- 
more and coworkers, it has not had a wide acceptance. It mvolves sevend 
disadvantages: the isolation of a pure ozonide is often impossStile, owing 
to the instability of the compound; the apparatus is complicated, and 
when destroyed ty explosions, which can readily occur, is difficult to 
replace. As a result, tiie method of catalytic hydrogenation, discovered 
by F. G. Fischer (40), has received a more mdeiqnead acc^tanoe, and 
appears to be the best method of reductive decompotition. 

DfiH (35) made a series experiments to determine the utility cd 
ozonolysis as a preparative metiiod for aldehydes. Tbe use oi potassium 
ferrocyanide, sc^um sulfite, sodium bisulfite, and catalytic hydrogenatmn 
was tested with dde add; the highest yidd of alddiydes was obtained with 
the last method. 

Certain precautiims have been found to increase the yidds oi aidehydas 
and ketimes (42): eg;., ozoruzation in dilute solutioim and at low tempmtr 
tures, careful avoidance of an excess ozonization, ami iydrogeaiaticei 
low temp^tures. Ihe hydrtgenation usually proceeds vety quiddy and 
with much evolution of heat. The resultant secondary reaction, an “ai^ 
rearranponent” of the ozonide, increases witir the tempeaatore, and vm 
found to be the main <».use low yidds. ThefoimatHmofadd<heq»aes 

• RC CR -+ BCOOH + BCHO ► . .j; 

\y^ 1 
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negligible, however, if warming is prevmited during the hydrogenation. 
By consideration of these precautions, yidds of 60 to 90 per cent of the 
theoretically possible quantity of aldehydes or ketones were obtained. 
Some sensitive dialdehydes, — glutaraldehyde, adipaldehyde, and pimd- 
aldehyde, — ^were isolated in 50 to 75 per cent yidds. These results may be 
compared with a 5 per cent 3 ddd of ^utaraldehyde from cydop^tene 
ozonide by water decomposition, according to Harries (71), and a 20 per 
cent yidd of ^utaraldehyde and adipaldehyde obtained from cydopentene 
and cyclohexene ozonides, respectively, by reduction with titanous chlo- 
ride, reported by R. Robinson (110). 

The hydrogenation of highly pol 3 mierized ozonides, — ^for example, solid 
cycloh^ene ozonide, — did not proceed at room temperature, but was 
accomplished by warming in an autoclave with hydrogen under pressure. 
Decomposition of the resulting aldehyde was retarded by the use of 
methanol or ettumol as the solvent, whereby unreactive acetals were 
formed. A 60 pa: cent yidd of adipaldehyde was thus obtained. 

It was found preferable, howev^, to ozonize in a solvent in which hi^y 
polymerized insoluble ozonides did not form. Ethyl acetate was found 
particularly useful; cyclohexene ozonide prepared in this solvent remained 
completdy in solution. Ethyl acetate was not appreciably attacked by 
ozone, as long as olefin was still present in solution (41), and had the 
added advantage that hydrogenation could be accomplished in the same 
solvent. Halc^oated solvents, such as ethyl chloride, chloroform, or 
carbon tetrachloride, had to be distilled before reduction. The hydro- 
genation fla^ was cooled with ice water during the shakii^ process; 0.5 g. 
of catalyst, — ^palladium on calcium carbonate (24), with 5 per cent pal- 
ladium content, — ^was used for each reduction. 

An interesting application of tiie catalytic hydrogenation method has 
been made by Pummerer (121). By hydrogenation of carotene ozonide 
in glacial acetic acid with a platinum-charcoal catalyst, ^yoxal was iso- 
lated in 3 per cent yidd, giving additional evidence of a conjugated double 
bond structure. Anotirer important characterization of a natural product 
was accomplished in the location of the double bond in the side chain of 
ergosterol (123) by catalytic hydrogenation of the ozonide of ergosterol 
acetate. The hy<hrogenation was carried out in a 1 : 1 ether-glacial acetic 
acid mixture as solvent with platinic oxide as the catalyst. The isolation 
(d methylisopropylacetaldehyde was an uneiqpected result on the basis of 
the previous work on ei^osterol, and rectified the former conception of 
the side chsun. 


V. BATES OF OZONIZATION 

The rdative rates of ozonization of different compounds have been 
little studied* In 1910, Harries (54) observed that compounds containing 
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two conjugated double bonds add the first mole of ozone more rapidly 
than the second. Brus and Peyresblanques (23) , in 1930, presented curves 
for the ozonization of pinene, limonene, and oleic acid, in whidi the unab- 
sorbed ozone was plotted against liters of osygen used. The results 
indicated that, for an aliphatic double bond, ozone was absorbed quanti- 
tatively until the double bond was saturated. Thereafter, the amoimt of 
unabsorbed ozone increased very rapidly for a time, and finally gradually 
approached the original ozone concentration. These observations were 
interpreted as indicating that perozonides were formed by over-ozoniza- 
tion, after tixe completion of the formation of the normal ozonide. Harries 
(59) had postulated tiie simultaneous formation of ozonides and pero- 
zonides, owing to the presence of oxozone in the ozonized oxygen. Brus 
and Pe 3 n%sblanques doubted the hypothesis of Barries, and agreed with 
Kailan (87) and Biesenfeld (128) that the existence of oxozone is im- 
probable. Bi a second papa: (23), also ia 1930, curves were given for tire 
ozonization of styrene, phenylcyclohexene, benzene, and heplyne. Witii 
the concentrations of ozone used, 9 to 10 per cent, benzene added ozone 
extremely slowly and heptyne moderately so, while tire other compounds 
added 1 mole of ozone very rapidly. 

In 1936, Noller (115) and coworkars extended the procedure of Bros and 
Peyresblanques to tire rates of ozonization of a number of otiier compoimds. 
Carves were shown m which an “adjusted” per cent of unabsorbed ozone 
was plotted {gainst the equivalents of ozone entering the solution. From 
the ozonization curves for some twenly-one compounds of varied stiucture, 
it was possible to draw certain interesting conclusions. Whereas a double 
bond, unaffected by the presence of otiia: groups, -was found to add oz<me 
extremely rapidly, tiie rate was noarkedly decie{ised when the double bond 
was conjugated with c{«:bonyl groups. Three or more phenyl groups or 
two chlorine atoms attach^ to the doubly bound carbon atoms also 
decreased the rate of addition. Where two or tiiree double bonds were 
conjugated with each other, one bond {idded ozone rapidly while ihe others 
added it only tiowly. In the case of ei^-tram isometB, where the rate of 
addition was decrea^ by other groups, the frons-isomo: was found to (uld 
ozone more rapidly tium the inform. The latt^ fact has recentiy be^ 
corroborated by Briner (15). 

TL OZONE as AN OXIDANT 

The oxidation of Kiturated hydrocarbons and other saturated com- 
pounds with ozone has received the attention of but few investigatcxs. 
TMs may be ascribed to the importimce the ozcme refution with un- 
saturated compounds, and to the cmnplexity the teaeti<m mixtures ob- 
tained in the oxidation reaction. Harries (53) observed timt a}q)hatic 
hydrocarbons such as h^ane, petroleum ether, and ligrtan were dowly 
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attacked by ozone. Mixtures of different compounds were found, includ- 
ing ozonides, peroxides, and fatty acids. Hexane yielded valeraldehyde 
and adipic acid in addition to other unidentified substances. Recently, 
a quantitative study of the oxygen consumption of various aliphatic hydro- 
carbons in the presence of both oxygen and ozone in the gaseous state has 
indicated (14) that a chain mechanism best explains the results. The 
compoimds studied included all the lower members of the homologous 
series through normal octane, and two isooctanes. In every case, a 
catalytic effect of ozone was found. For the straight-chain hydrocarbons, 
the catalytic effect occurred at lower temperatures than for the higher 
members. The branched-cham hydrocarbons exhibited a marked resist- 
ance to the oxidative effect of ozone. As the dilution of ozone increased, 
its catalytic action also increased, a fact consistent with a chain mechanism. 

In an extended, but qualitative, investigation of the products of ozoni- 
zation of technical decalin, Koetschau (95) identified a-decahydronaphthol 
amoi^st other substances which were considered to include peroxides and 
acids. Currently, Adkins (36) has investigated the problem further and, 
in connection with other work, has reported some interesting results for 
the action of ozone on cyclohexane, decalin, and certain hydrophenan- 
threnes. A variety of compounds were obtained, including saturated 
alcohols, ketones, acids, and unsaturated ketones and hydrocarbons. The 
3 delds, in several cases, were from 20 to 35 per cent of the theoretical. 
Among the saturated compoimds, cyclohexane was the most resistant 
toward ozone, the products identiffed being cyclohexanone, formic acid, 
and adipic acid. cis-Etecalin (IV) gave aWecahydro-9-naphthol (V) and 
A’*^^-octahydronaphthalene (VI) in good yields, and small amounts of 
cis-na-decalone (VII). A large quantity of a mixture of unidentified acids 
was also obtained. 
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fo-ons-Decalin gave frans-decahydro-9-naphthol (V) and frons-o-decalone 
(VII) in 28 per cent yield, but imless special precautions were tn.Tr«>n the 
chief product was the octalin (VI) in 21 per cent yield. A mixture of adds 
similar in amount to that from the os-isomer was obtained. AnnnTig 
these was identified 6'a7is-l,2-cyclohexanediace1ic acid (Vm). SirniW 
results were reported for ihe ozonizadon of various hydrophenanthrenes. 

The authors considered the course of the oxidation of the saturated 
hydrocarbons to have involved primarily a reaction of ozone at the ter- 
tiary carbon atoms, forming an hydroxyl group. Oxidation subsequentiy 
took place at secondary carbon atoms to give hydro^^ketones. Ihe de- 
hydration of these alcohols gave unsaturated hydrocarbons or uusaturated 
ketones. Further oxidation gave acids. 

The reactivity of ethers toward oxygen'and ozone forms a strikmg char- 
acteristic of these unreactive compoimds. For instance, ozone strong 
oxidizes ethyl ether. This was one of the earliest observations (136) oi 
the action of ozone on organic compounds. Among the products of osdar 
tion, von Babo (6), later identified hydrogen peroxide, acetaldehy^de, and 
acetic acid. Berthelot (12), by distillation of ozonized ethyl ether, ob- 
tained “ethyl peroxide”, an esplosive syrupy liquid, but was unable to 
prove its identity. It has since been diown by Harries (62) that this 
product was not homogeneous, but its explosibility deterred furthm: m^ 
vestigation. 

In two papers, published in 1929 and 1931, F. G. I^ls^er (41, 43) and 
coworkers reported the isolation and identification of the principal products 
resulting from the reaction of ozone with ethers, alcohols, and aldehydes, 
and were able to present a theoretical explanation oi thmr fonnatioiiL The 
oxidation of isoamyl ether was first carefully studied, and it was shown 
later that other ethers react similar]^, including methyl ether, eth^ etlmr, 
butyl ether, isoamyl ethyl ether, and ben^l e^er. 

ITie first reaction was assumed to be the oxidation of the ether to an 
aldehyde and hydrogen peroxide, which would thm interact to fonn a 
dihydroxy alkyl peroxide (156). 

RGH^GHsR + O, 2RCHO + HA 
2RCHO ^ HCH(OS[)OOOH(OH)R 

A further reaction was the formation of an estmr and hydn^n permdde. 
In the ease of moamyl ether, the iroamyl ester of isovalmde achi was seated 
in 70 to ^ per cent yield. 

RCHsOCHjR -fO,-* RCOOCHiR + HA 
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Fractioimtion of the products from the distillation of l^e bu^l and isoamyl 
ether ozonizations gave fractions identified as the formic acid ester of the 
corresponding alcohols. 

RCSEsOCHsR + O, RCHsOCHO 


Methyl alcohol, ethyl alcohol, and isoamyl alcohol were ozonized also. 
The primary reaction was the formation of acids, 

RCSsOH + Os-* RCOOB. + H*Os 

accompanying which were found aldehydes to the extent of about one-fifth 
to one-third of the tpantity of acid. 


ROBiOS "h RCHO -1* -1- 0* 

Assiimgimedmmiai ihesernactaop^iBlscher has assumed the formation 
ol’an^suldi^mrfiiKidjUfit as e&xBtermediate, which would be very unstable 
and decompose rapidly. Foar the ethers, this would be 


B 0 0 B 

^ 


■Rnr^. 


- 0 - 


HOOB + 2RCB0 
OBR-^EOOB + RCOOCBtR 


In this intermediate, the bridge oxygen becomes quadrivalent. This 
mechanism is analogous to certain peroxide rearrangements observed by 
von Baeyer (6), Barries (60), and others. 

The formation of acids from primary alcohols may be written in a similar 
manner: 


0 






RCOOB 


Fischer found that aldehydes formed mostly acids and per acids when sub- 
jected to the action of ozonized oxygen. Per acids were isolated and 
characterized from isobutsrrald^yde, isovaleraldehyde, heptaldehyde, and 
benzalddhyde. 


2RC5BO -I- O, RCOOB -f- RCOO-OB 


To explain a lower yield of per acids than would be e:q>ected from the 
above equation, he assumed a second reaction to be 


3RCBO -t- Oj -> 3RCOOB 
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These reactions explained satisfactorily the reaction of tiie pure alddiydes 
with ozone, and accounted quantitatively for the ozone consumed. In 
solution, however, the amount of acids and per acids formed was lai^ar 
than could be accounted for by the ozone ccmsumption, indicating that 
o^g^ had also taken part in tiie reaction. This was clarified by the 
assumption that the aldehyde added* 1 mole of ozone to form a primary 
addition product, which thm reacted with another mole of alddiyde to 
give per acids and acids; with 2 other moles of aldehydes to 3deld acids; or 
with osygen to form per adds and ozone. 


IRCHOtO,] ^ 


The oxidation of ketones by ozone has not been as carefully invest^ated, 
but peroxide formation has been noted. The carbonyl group of aldehydes 
and ketones yields a peromde rdatively easily, whereas that of adds 
reacts with ozone only in the case of lox^-chain adds containing one or 
more double bonds. 

Amines are, in general, not attacked by ozone, nor are amino adds and 
acid amides (69). Aromatic amines, on the othar hand, undergo deep- 
seated decomposition in some unknown manner. Harries has also oxi- 
dized duldtol (69) and mannitol (69) by ozone and has isolated galactose, 
^ucose, and fructose. 

A knowledge of the oxidizing action of ozone is of importance in its 
reaction with a double bond, as an avoidance of this effect may account 
to a large «ctent for a reasonable yield of the dedred products. 

vn. THE OZONIZATION 07 ABOICATIO OOUFOUimS 

The quantitative investigation of the ozonization of aromatic lydro- 
carbons was one of Harries’ (52, 73) most noteworthy contributions. 
Houzeau (79), m 1873, and Benard (125), in 1895, had previously studied 
the ozonization of bmizene. After overcoming many difficulties due to 
the ^cplosibility of the substance, Harries was able to ana^^ quantita^- 
tively the reaction product of ozone and benzene. It proved to be a 
triozonide, as had been mitidpated from the sbruetuie of benzene pos- 
tulated by EekuM. In addition, 2 mdes of {dyo^'V'^ei^l&ted per noole 
of ozonide'on decomposition with water, a further corroboration of tite 
Kekuld structiue. Working with the pure substances, increami^ difftculr 
ties were encountered in the ozonization of toluene and xylene. These 
ozonides could be formed only at very low tmnperatures, and were so 
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explosive that it was found impossible to continue the ^periments. On 
the other hand, it was possible to isolate the ozonide of mesitylene in a 
moist condition, and, on decomposition with water, to isolate methyl- 
^oxal as the disemicarbazone. Since this was the only product that 
could be identified, it offered another confirmation of the Kekul4 structure. 

In 1932, Levine and Cole (103) demonstrated the existence of isomeric 
ortiio-disubstitution products of benzene, by the ozonization of o-xylene 
in solution. Three products were identified after decomposition of the 
ozonide: namely, glyoxal, methylglyoxal, and diaceiyl. Since neither 
form of xylene could have jddded all three oxidation products, the hydro- 
carbon must have consisted of an equilibrium mixture of the two Kekul4 
forms. 


CH, 

io 

CHsCO ^CHO 
ino^ CHo 

c^o 


CH, 

CHil> 


CH, 



CH, 

io 

CH,C^ 

CHO 

\ho 


+ 


CHO 
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Polynuclear aromatic compounds add less ozone than the numb^ of 
double bonds in the molecule ^ould require. Naphthalene (52) was 
found to add only 2 moles to form a diozonide, from which o-phthalalde- 
hyde and ^yoxal were obtimed by decomposition. 



Phenanthrene behaved siinilarly; an analsrsis of tiie ozonization product 
proved the formation of a diozonide, but no products of decomposition 
could be id^tified. The insolubiliiy ci anthracene prevented its ozoniza- 
tion by Hames' metiiods, but it was possible to establish the formation 
of a diphenyl tetraozonide by analytis. 


Recenl^, modem methods have overcome the obstacles encountered by 
Harries in the ozonization of anthracene. Yolhnan (150) and coworkers 
have reported several interesting ozonizations of polynuclear aromatic 
hydrocarbons. On the batis of results obtained with 1 ,9d>enzanthrone 
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and fluoranthene, it was possible to achieve an ozonization of P 3 rr 6 ne 
suspended in glacial acetic add. From 1,9-benzanthrone (IX) had been 
obtained the difficultly accesdble anthraquin6ne-l<alddiyde (X) in 20 p^ 
cent 3 deld, 




IjO-Benmuthrone Anthraquinone-l-aldehyde 


together vdllx a large amount of anthraquinone-l*caTbo:igrlic add; and 
fluoranthene (XI) had been ozonized in about 30 per cent yield to a mixture 
of fluorenone-l^dehyde C^I) a>]^d fluorenone-l-carbozylic add. 



— V 

XI 

Fluorantliene 


0 



Mttorenone-l-alddiyde 


When i^rrene (XIII) was treated willi 0.5 per cent ozone and subsequently 
decomposed with water and sodium l^drcmde, an ^cdlent ykld. d 
4rphenauthTenedddtyde-5-cari)Oxyiie add Q^IV) was obtained. 
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The ozonides of the hydroaromatic compounds are different from those 
of either aliphatic or aromatic substances in their very unusual stability. 
It is difficult, and sometimes impossible, to decompose these ozonides 
mth wat^. 

An interestii]^ study of the rate of absorption of ozone by aromatic 
compounds was made by Bros and Feyresblanques (23). The curves 
for benzene indicated a different phenomenon than that observed for 
compounds with an aliphatic double bond. In the latter case, no im- 
absorbed ozone was found until the double bond was saturated. There- 
after, this quantity increased rapidly, finally approaching the original 
ozone concentration. For benzene and naphthalene complete absorption 
was never observed, even with low concentrations of ozone and a large 
excess of the aromatic hydrocarbon. 

vm. OZONIZATION AS A STNXHEOIC METHOD 

The earliest descriptions of the use of ozonization as a preparative 
method were made by Otto (117) and Trillat (149), who reported the 
commercial production of vanillin from isoeugenol and of piperonal from 
isosafrole. An improved method of decomposition of the ozonide was 
developed by Harries (66) in 1916, whereby a 70 per cent yield of vanillin 
was obtained. By the further application of the new method of decompo- 
rition, using zinc dust and acetic aciii, sev^al phenolic aldehydes (65) 
were prepared which had been hitherto unknown, including homovanil- 
linaldebyde, methylhomovanillin, homopiperonai, and homoanisald^yde. 
More recently Briner (19) has made an extenrive investigation of optimum 
conditions of the reactiocL and has found, in the case of vanillin, that ihe 
best yields were obtained using a low temperature and a relatively hi^ 
concentration of ozone. 

NoUmr and Adams (114), in 1926, reported an investigation of tiie ozone 
reaction for the specific purpose of its utilization as a method of prepara- 
tion. The alddiyde esters metiiyl ir-aldehydodctanoate (XV), methyl 
0-alddiydononanoate (KYI), and methyl X-aldehydododecanoate (XYII) 
were S3mthesized from methyl oleate, metiiyl undecylenate, and methyl 
eru<».te by ozonization. These substances riiould offer valuable starting 
materials, especially for the synthesis of acids of high molecular weight. 

CH,(CH,)7CH=<!H(CH^7C!00CH, CH,(CH,)7CHO 

+ CHO(CHs)7COOCH, 
XV 

CHi=GH(CH,)8COOCH, -»-HCHO + CHO(CHj)sCOOCH, 

XVI 
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CH3(CHs)7CH=CH(CHs)nCOOCHa CH»(CH*) 7 CH 0 

+ CHO(CHs)uCOOCHs 
XVII 

No difficulty was encountered in the isolation of over 55 per cent of the 
calculated amount of aldehyde ester boUing over a range of 5°C. In 
addition, pelai^onaldehyde in yields of 60 to 70 per cent was obtained 
from methyl oleate and methyl erucate. The use of the alddiyde esters m 
synthesizing hydroxy acids and unsubstituted acids -was illustrated by the 
conversion of methyl l^aldehydo^ctanoate by means of butylmagnesium 
bromide into methyl ^hydro^grtridecanoate and, finally, conversion of tbis 
latter compoxmd through the bromide and olefinic acid to trideeanoic add. 

The s^nificance of ozonization for preparative purposes has been 
diminished frequently because of inadequate methods of deeompodtion. 
Adds and other imdesirable secondary products are isolated instead of the 
antidpated aldehydes. F. G. Fischer and coworkers (42) have obviated 
these discouraging results to a large extent by the application of the 
method of catalytic hydrogenation to tbe ozonide decompositioiL The 
sensitive dialdehydes glutaraldehyde, adipalddiyde, and pimdaldehyde 
were obtained in 50 to 75 per cent yield by ozonizing cydopentene, C 3 rdo- 
hexene, and cydoheptene, respectively. 

Within tbe past few yetus several unusual instances oS ozonol 3 ^ have 
been reported, which have interesting preparative applications. In 
particular, tbe formation of aldehydes in reasonable amounts by the 
ozonization of po^udear aromatic hydrocarbons like 1,9-benzanthrene, 
fluoranthene, and pyrene, as previoxidy desmbed, should op^ new 
synthetic possibilities in this important field. 

Of equal interest has be^ tbe use of ozone for the preparation ti sudi 
an imususd compound as 1 ,6-cyclodecanedione C^IX) by W. Hfidkd (80). 
The latter was obtained from A®' “-oetalin (XVIII) by ozonization. The 
diketone has been the starting point for significant synthoKS in three 
directions. 


O 



XVm XIX 

A».»<U Wj>lin 1 , 67 Qyd 0 decanediqne . 

By reduction of the diozime XIX, exhaustive metbyiation, and 
catalytic hydn^enation, W. Hflckel (81) 1ms synthesized qydodecane 
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(XX), a compound which it has not been possible to prepare directly by 
the usual methods of closing an open chain or widening a ring wiili fewer 
carbon atoms (131). 



XIX 


1 ,6-Cydx)decanedione 



XX 


Qsrclodecane 

The diketone (XIX), when treated mth mther acids or alkidies, formed 
cydopent^ocycdoheptanone (82) (XXI) by an inner-molecular aldol 
condensation followed by ddxydration. This a,/3>un8aturated ketone, on 
catalytic hydrogenation, gave a nurture of m- and trans-^dop^tano- 
c 3 rdoheptanones (XXII), interesting compounds from the point of view 
of the stereochemistry of bicydic ring s 3 rstems. 
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1 ,6-C!ydodecanedione 

Qydopenteno- 

Cydopentano- 


qrdoheptanone 

cycloheptanone 


In a third, and equally important, application, (^clopentenocydo- 
heptanone C^iXI) has been used as t^ starting material for the only 
synthesis of an asulene tiius far described (147). By treatment of the 
ketone XXI with dther metliyl-, ethyl-, or phenyl-nu^nedum halide there 
was obtained a hydrocarbon with two double bonds (XXIII), which was 
ddqrdrc^S^iated witli sulfur, or catalytically wititi nickd, to 3 ridd the 
desired azulene (XXIV). 
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XXI XXIII xxrv 

Cyclopenteno- . 
cycloheptanone 

In the important and related fields of sex hormones and adrenal cortex 
hormones, the use of ozone as a preparative method has been applied in 
several instances. In 1931, Butenandt proved the structure of pr^- 
nanediol (25), — ^the interesting but oestxogenically inactive substmice 
isolated from human pregnancy mine by Marrian (106), — ^by relatii^ 
pregnane (XXVIII), the corresponding saturated hydrocarbon, to bis- 
noroholanic acid (XXV) in three steps. These involved a Wiehmd- 
Barbier d^radation of the latter acid (XXV), ozonization of the resultii^ 
unsaturated hydrocarbon (XXVI) to yield the saturated ketone (XXVII), 
and finally reduction of the ketone by the Clemmensen method to ^ve 
17-ethyletiocholane (XXVIII), identical with pr^nane. 
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The isolation of acetoxybisnorcholenic acid from the ozonization of 
stigmasterol by Femholz in 1933 (38) proved of value in the preparation of 
progesterone (3CXIX), the corpus luteum hormone discovered by Comer 





XXIX 

Progesterone 


and Allen in 1928 (31). The latter compound was prepared synthetically 
from stigmasterol at practically the same time by both Butenandt (26, 
27, 28) and Fernholz (39), independently. The work of Femholz involving 
the ozonization of stigmasteryl acetate dibromide also gave the first proof 
of the long-suspected relationship of sl^masterol to cholesterol, and 
completely established the carbon framework of the sterol. In the prepa- 
ration of aceto3ylnsnorcholenic add (XXXII), stigmasteryl acetate 
(XXX) was converted into the 5,6-dibromide (XXXI) by using just 
1 mole of bromine. Ozone oxidation followed by dehalogenation with 
tine, accompanied by simultaneous decomposition of the ozonide, gave the 
desired unsaturated acid (XXXII). 
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Aceto^^bisnorcholemc add 


Later, in 1937, acetoxybisnorcholenic acid again proved useful in the 
synthetic preparation of desojgrcorticosterone (XXXIII) by Edchstein 
(144) . This compound has proved to be one of the most potent androgenic 
hormones isolated from the adrenal cortex. 


CH,OH 

<u 



XXXIII 

Deso^^corticosterone 


IX. THE PROOF OF STRUCTURE BT OZONIZATION 

The most important application of ozone in organic ch^nMry is in tiie 
solution of structural probl^ns by cleavage of unsaturated compounds, 
since the identification of the decomposition products presents the pos- 
sibility of determining the position of the double bond. In most otiier 
reactions, only an addition to the double bond occurs, and its position 
cannot be inferred from tiie addition products. 

An unusual application of the reaction has been its assistance in the 
determination of tiie constitution of enols, by ozonu»ti(Hi of tiie ^die 
form of an aiolizaUe substance (132). Few chemical metiiocb w»e 
avmlable for tiiis determination at low temperatures without d^fiadng 
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the equilibrium. The formation and decomposition of the ozonide was 
carried out at low temperatures, imder conditions which excluded re- 
arrangement. j9-DibenzoylacetyImethane, for instance, does not add 
ozone, whereas its enolic tautomer readily forms an ozonide. Scheiber 
and Herold applied the method to numerous enolic compounds, including 
acetoacetic est^, ethyl oxalate, acetylacetone, benzoylacetone, and oth^s. 
Abderhalden and Schwab (1) later applied the method to dihydroxy- 
piperazinffl, dipeptides, and similar compounds. 

TCftiifmann and Wolff (93, 94) combined ozonization with K. H. Meyer’s 
bromine titration and ferric chloride colorimetric methods and were able 
to determine tiie three enolic forms of ethyl diacetylsuccinate. Bronze 
titration established the amount of the ati,^-ester (XXXIV) present, a 
ferric chloride colorimetric titration the sum of the ccester (XXXV) and 
the ai,/?-ester GSXXVI), and ozonization the total enolic content. The 
combination of the three determinations made possible a quantitative 
estimation of the relative amounts of the tiiree enols. 
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^G^COOCjH. 
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(W)COCHCOCH, 
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XXXVI 


The problem whidi structural .isomer best represented the constitu- 
tion of phthalylmalonic eSter and similar compounds was solved by 
Scheiber and Hopfer (133) by the use of ozone. In the case of phthalyl- 
acetylaeetone, structure XXXIX was shown to be correct, rath^ than 
XXXVII or XXXVIII, by tiie isolation of phthalic acid, methyl^yoxal, 
and acetic add as products from the decompodtion of the ozonide. 



XXXVIII 
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CO-CCOCHs 


/ 


C«H4 

'^COOCCHa 

xxxrx 

Phthalylacetylacetone 


C,H4 




CO-CCOCHs 


CsHs 


^OOH 


OHCCOCH 


COOCCHs 


^COOH 


+ 


HOOCCHs 


+ HsOs 

V 

An interesting use of ozone was in 'tiie clarification of the constitimon 
of the keto chlorides by Straus (146) in 1912. By the application of this 
reagent it was possible to prove the structure of a whole series of these 
compounds. Cinnamyl chloride, one of the simply examples, reacted 
with ozone and yielded benzaldehyde, benzoic acid,dichloroacetaldehyde, 
and dichloroacetic acid, after decomposition with water. As a result its 
constitution was proved to be CeH 5 CH=CHCHCl*. 

A more recent example of ozonolysis has been the proof of the structure of 
the two isomeric diisobutylenes ducovered by Butlerow. McCubbin and 
Adkins (107) established definitely the presence of the two ismneric octy* 
lenes, 2,4,4-trimethyl-l-pentene CXL) and 2,4,4rtrimethyl-2ipentene 
(XLI), by the isolation of methylneopentyl ketone, (CHs)sCC!E^COOCE(s, 
and trimethylacetaldehyde. 


(CH,),CCH,C(CH,)=CHs 

XL 


(CH,),CCH=»C(GH,), 

XU 


Their ^padments indicated XL and XU to be preset in a ratio 
proximately 4:1. Whitmore and Church (1^) separated the low-boiling 
isomer from the h^er boiling isomer by fmctional distillation, and 
idmitified the low-boiling isomer with XL and the high-boiling component 
with XLI by the separate ozonization of each. 

Ozonolysis as an indirect method of analyEds has been exemplified in a 
series of papers published by Whitmore (30, 153, 154) in 1933 aid 1934, 
dealing with the ozonization of purely aliphatic olefins. A variety of 
tertiary alcohols competed different combinations of alkyl groups £rom 
methyl to n-amyl, and also 2,2-dimethyl-l-hexanol, conttdning a neo 
carbon atom, were converted into the chlorides, and hydrogen chloride 
was removed. The resultant olefins were thm ozonized. The results 
were markedly successful, in that the deemnposition ppoducts were isedsted 
in good yields and served to indicate unecpiivocally the direction of the 
dehydration. 
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In the aromatic series, the importance of the structural proof offered by 
the use of ozone has been out of proportion to the few experiments reported. 
Harries* (73) ozonizarion of benzene and mesitylene offered proof for the 
. Kekuld structure with three altematii^ double bonds, and Levine’s (103) 
results with o-xylene strengthened the early evidence. In the case of the 
pol3muclear aromatic compounds, the' isolation of phthalaldehyde from 
the ozonide of naphthalene (52) located the position of two double bonds, 
and Yollman’s (150) recent e^riments witii pyrene have established 
the position of one double bond of this high-molecular-we^ht hydrocarbon 
and confirmed the bond structure previously assigned to. it. 

The use of ozone for the elucidation of acetylenic structure has been even 
less extensive tiian its application to aromatic compounds, and the available 
examples are of recent date. By the isolation of phenylacetic acid as a 
product of the ozonolysis of Carlina-oxide (an oil obtained from the roots 
of Carlina aeavMs), Gilman (48) was able to rule out formulas XLII and 
XLIV, leaving XLIII, benzyl-2-furylacetylene, as the structure of the 
compoimd. 

C,HsCMCHsi, / CyasCHjfeCl^ / C,H»CH=0=Cl^ / 

0 0 0 
XLH XLin XLIV 

Lai (100) has synthesized a series of j3- and ^-diacetylenic compounds, 
and by ozonization has proved their structure. In the case of the /3- 
diaceiylenic compounds, diheptjmylmethane was ozonized and malonic 
and caproic acids were isolated as decomposition products, whereas 
succinic and caproic acids were isolated from the decomposition of tiie 
ozonide of diheptynylethane, a 7--acetylenic compound. 

CHj(CHt)4(MCH*0=C(CHj)iCHs CH,(CHj)4C00H + 

HOOCCHjCOOH + CH,(CH*)iCOOH 

CH,(CHa)4CfeCCHiCH*(M(CH4)4CIH, CH,(CH04COOH + 

HOOCCH,CHiCX)OH + CH,(CH2)4COOH 

It was by ozonization of the unknown compound obtained by treating 
the enol methyl ether (XLV) of 2,4,6-trimethylbenzoylacetonitrile (45) 
with phenylm^nesium bromide that the first ins^ht into its correct 
structure was obtained. The isolation of isoduryUc add, benzoic acid, and 
a small amount of mesityl phenyl diketone (XLVI) su^ested that the 
unknown ketone might be benzoylmesitylacetylene PCLVII), which was 
later proved synthesis to be correct. Mesityl phenyl triketone would be 



THB OZONIZATION BEACTION 


471 


6zpect6d as a product of the action of ozone, and the diketone was known 
to be a product of the decomposition of the triketone (46). 

OCH, 

CJjHucJhCN 

XLV 

CgHuCfeCCOCjHs — » CjHuCOCOCOCeHj » CiHuCOCOCjHs 

XLVII XLVI 

The solution of the problem of the stereochemical configuration of 
various compounds has been aided by ozonolysis in certain eases. The 
geometric isomerism of oleic and riaidic acids was proven by Harries (72) 
by the quantitative identity of the products obtained on ozonization. 
In the same way, the stereoisomerism of erucic and brassidic acids, fumaric 
and maleic acids (61), and crotonic and isocrotonic acids (52) was shown 
to be correct. 

Although benzene had been observed to form a triozonide, in accordance 
with the Kekul4 formula, biphenyl formed only a tetraozonide. Harries 
(52) suggested that the tetraozonide had formula XLVIII and that the 
non-addition of ozone to the double bonds in the 1- and 1 '-positions was 
due to sterie hindrance. 



, XLVIII XLDC 

1 , 1 -Bicydohexenyl 

Because of the difficulty of preparing the ozonide, the products formed on 
decomporition with water have not been identified. Holler (116) sug- 
gested that it should be possible to determine whether sterie hindrance 
plas^ a r61e by studyio^ compounds such as l-phenyl-l-cydohezene and 
l,l'-bicyelohezenyl (XLIX) in ^bdeh non-b«izenoid double bonds occur 
in positions similar to those which are supposed to be sterically huufered 
in biphaiyl. On ozonization, it was found that l-phenyl-l-csrddiexene 
added 1 mole of ozone to tire double bond in the cydobexene ring and 
that 1,1 -bicyelohexenyi added ozone to both double bonds. Hus ioffi- 
cated that stmc hindi^oe in the 1- and 1 -pontions was not tlm &ctor 
involved in the failure of biidrei^l to form a hezadzonide. 

Until the diseovray in 1921 of a method of detenniniagifae eonfiguratimi 
of ketozimes which was entirdy indi^jenctent of the Beckmann leatzaDge- 
ment, the erroneous mechanism of Hantzsdi (51) had bear dmoet uni- 
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versally accepted. In a study of triphenylisoxazole (L) Meisenheimer 
(108) found that this compound furnished on ozonization the benzoate of a 
benzil monoxime. An examination of the formulas will show that if no 
shift in configuration has taken place after ring opening, this benzoate 
should have the configuration represented by formula LI. Two benzil 
monoximes were known, a high-meltiDg or a-oxime and a low-melting or 

CeHsC CC«Hs CeHsCCOCjas 

c«H 5 lrococ,H6 

L LI 

Triphenylisoxazole 

/?-oxime. Beckmann (9) , from an examination of the products which these 
two oximes furnished on rearrangement, and assuming a c^hift to have 
taken place on rearrangmg, had assigned to the o-oxime the configuration 
LII and to the /3-oxime the configuration LIII. 

C,H5<X0C»H5 C«H5CC0C«H5* OCCOCtHs 

JrOH HOll C,H,NH 

LII LIII LIV 

It is obvious from a comparison of formulas LI and LII that Meisen- 
heimer’s product from the ozonization of triphenylisoxazole should be the 
benzoate of the oe-monoxime. Actually, that product proved to be the 
benzoate of the j3-monotime. It followed therefore that the rearrangement 
involved not a ds- but a trons-ehift. 

The ozonization of 3,4-diphenylisoxazole-5-carboxylic acid (LV) by 
Kohler (96) was of particular importance, for the reaction did not furnish a 
derivative of a benzil monoxime, but sdelded directly the jS-monoxime of 
benzil (LII). 

CJ,HbC CCbHb 

It— o-Acooh 

LV 

3 ,4r-I>iphenylisoxazole- 
5-carboxylic acid 

By confirming the configuration LII assigned to the /S-monoxime of 
benzil by Meisenheimer, this work strei^hened the conclusion that the 
imtrangement of this /3-monoxime involved a 2ra7is-shift. A final con- 
firmation of configuration LII for the /3-monoxime of benzil was afforded 
by the ozonization of 3,4-diphenyl-5-p-bromophenylisoxazole, which 
furnished the p-bromobenzoate of j3-benzil monoidme (97). 


CbHbCCOCbHb 

■ Aoh + “ 

LII 

Benzil /3-monoxime 
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One of the earliest and most successful applications of the ozone method 
was the partial elucidation of the structure of rubber. Harries and his 
students (62) clarified its general structure by isolating levuUnaldehyde 
and levulinic acid as the principal products of ozonization. This estab- 
lished the recurrence of an isoprene unit in the molecule and the position of 
the double bond adjacent to the methyl group. Since no other products 
were identified, Harries favored a ring structure made up of recurrent 
isoprene units and discounted Weber’s open-chain formula, as such a 
compound would have to yield other additional decomposition products. 
In 1931, Fummerer (120) repeated Harries’ ozonization espeiiments on a 
quantitative basis and isolated levulinic products in an amount equal to 
90 per cent of the theoretical. In addition, by more refined methods, it 
was possible to detect acetic acid in an amount equivalent to at least 
2 par cent of the carbon skeleton. A small amount of pyruvic acid was also 
detected. As a result, although the ends of a chain cannot be identified, a 
chain structure cannot be excluded from among the possible formulas. 

Probably the most numerous examples of the use of ozone for structural 
proof may be found in the field of terpene chemistry. One of the most 
obvious points of attack of these compUcated substances is the carbon-to- 
carbon double bond, when present, and its location, as well as the constitu- 
tion of adjoining structures in many cases, has been demonstrated clearly 
by the isolation and identification of the ozonide decomposition products. 
All of the investigators in this field, including Harries, S^nmler, Wallach, 
Buzicka, Simonsen, and many others, have utilized the reaction in various 
instances, of which only a few examples will be considered here. 

A correlation of the results of several investigators led Semmler (137), 
in 1901, to suggest that myrcene, one of the simplrar terpene hydrocarbons, 
was represented by either formula LVI or LYIL 


H,<X 

C5MDHCH,CH,C!CH=C3H* 

LVI 

Myrcene 


CCH*CH*CH*CCH==CHi 

k 

LVII 


Becently Ruzicka and Stoll (130) showed conclurivdy that formula LVI 
correctly repres^ts myrcene. llie hydrocarbon was subjected to oxldar 
tion with ozone, and, after dmimposition of the ozonide, followed by 
treatment with chromic acid and sodium hypobromite, sucdnic add was 
obtained as tiie sole product of tiie reactions. If tihe hydrocaibcm had 
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formula LYII, the formation of glutaric acid would have been anticipated, 
as indicated in the schematic representation given below: 

CH, 


C 

H,i ins 

\h 

I 

HsC/ '^CH, 
LYI 
CHa 

h. 

^CHj 

i 

Hic/ \:h, 

LVII 


HaC 




/CO\ 

H,C COOH 

Hji 


\ 


COOH 


H,C COOH 
H,i 

'^CHa 


io 

ins 


HaCCOOH 

HaicOOH 


HaCCOOH 

I 

HaC 

HaCCOOH 


An interesting case of ozonization was the daborate application of the 
reaction to the proof of structure of citrondlal by Harries and his collab- 
orators (63). Earlier work had indicated that this compound was a 
mixture of the aldehydes represented by formulas LYIII and LIX. 


HaCX 

C=CHCHaCH,CHCHaCHO 

ij 

LYHI 


:)H, 


HaC^ 

CCHaCHaCHaCHCHaCHO 


LIX 


Harries, in collaboration with Wagner and Comberg, completely con- 
firmed tire view that citronellal was a mixture. From citronellal dimethyl 
acetal w^ obtained formic acid, acetone, the peroxide of methyloctanonal 
(IX), the cyclic ketone ZXU, the semialdehyde of /3-methyladipic acid 
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(LXIV or LXIVa), S-methyl-AMjycIopentene-l-al (LXV), and S-methyl- 
A^ydopentene-l-carboxylic acid (LXVI). The separation of the per- 


CCHaCHjCHjCHCHjCHO 
H,C/ 


3H, 


LIX 


COCHjCH,CH,CHCHsCHO 

Hji ii 




LXI 


0 

<!)^CH,CH*C3H,CHCH,CH0 

k 

LX 

^ HsCCOC CHCH, 

LXII 


oxide LX established the presence of the aldehyde of formula LIX in the 
mixture. When this was decomposed by all^ the primary product, 
LXI, could not be isolated, since it passed immediatdy into the cyclic 
ketone LXII, a substance which had been described previously by WaUadi 
and Evans (151). 

The other oxidation products were derived from the aldehyde of formula 
LVIII. The cydopentenaldehyde (LXV) and add (LXVI) ware formal 
by the internal condensation of the primary oxidation product LXIII, 
the aldehsrde LXV having been oxidized to the add LXVI, while the di- 
alddiyde LXIII also formed the half-alddiyde of i^methyladipie acid 
(LXrV or LXIVa). The yields of the various oxidation products showed 
the aldehyde to condst approximatdy of 60 per cart of LVIII and 40 pa 
cent of LIX. 


H,Cv 

C=CHCH,CH*CHC5H*CHO 

ac/ k 

LVIII 

HOOCCH,CH*CHGH/lHO 

Ah, 

LXIV 

H,C CH, 


as,i 


,Ah Ah 


\ . 

e— CHO 

LXV 


OHCCHjCHjCHCH^CHO 



LXHI 

OHCCH,CH,CHGH,COOH 

Ah, 


LXIVa 

Hrf3 C5H, 

ch,Ah Ah 

\ / 

G-OOOH 

LXVI 


or 
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Since the completion of these experiments, there has been much discus- 
sion as to the correct formulation of simple terpene derivatives like gera- 
niol, citral, etc.: namely, as to whether an isopropenyl or an isopropylidene 
group should be placed at the end of the chain. The majority of these 
substances have been oils, and it has been generally held that inseparable 
mixtures of substances containing these two groups were present. R. 
Kuhn and Roth (99), in 1932, estimated quantitatively on a micro scale 
the acetone formed in the ozonization of a number of substances con- 
taining the isopropylidene group, and foimd it to vary from 60 to 90 per 
cent of the theoretical value. In particular, the crystalline acid dehydro- 
geranic acid (LXVII or LXVIII) was studied, and here, in agreement with 
earlier observations (29), both acetone and formaldehyde were obtained, 
the yield of acetone amoimting to 60 per cent of the theoretical value. 

H8CO=CHCH=CHCH=CCOOH H2C=CCH2CH=CHCH=CC00H 



LXVII LXVIII 


On the basis of comparisons of absorption spectra, Kuhn and Roth con- 
cluded that the acid was homogeneous and was represented by formula 
LXVII, but that the ozonization proceeded abnormally. According to 
Simonsen (138), a more satisfactory explanation has been provided by 
recent observations on the oxidation of o-santalylmalonic acid. When 
this acid, which is crystalline and readily purified, was ozonized, it yielded 
practically quantitatively tricycloekasantalal (LXX) or the corresponding 
acid. On the other hand, in alkaline solution, oxidation with potassium 
permanganate yielded the keto acid LXXI, To explain these results it 
was assumed that a-santalylmalonic acid exists in the tautomeric forms 
LXIX and LXIXa. 


C3uHi7CH=CCH2CH(COOH)t ^ CuHx7CH2CCH2CH(COOH)» 

in, (Ihj 


LXIX 

h 

CuHjjCHO 


LXIXa 


1 


EMaOi 


CuHi7CH*COCH*CH(COOH)s 
LXX LXXI 

^C—CEs 

CuHi,— = HC^— 4— CH 


HtC-C- 


H*C. 


-CHj— CH* 


CH* 
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These represent the isopropenyl and isopropylidene forms of the acid, 
and tautomerism of this natiire can provide an adequate explanation of 
Kuhn and Eoth’s results with dehydrogeranic acid. Simonsen considered 
it very probable that a similar tautomerism occurs also in the cases of 
geraniol, citral, etc. 

Of the recent work with terpenes, the ozonization (77) of manool 
(LXXII) may be mentioned briefly. This is a diterpene alcohol excreted 
from the wood of Dacrydium biforme. Its structure was elucidated through 
characterization of the 1,5-diketone (LXXIII), isolated in about 50 per 
cent yield from decomposition of the diozonide. 



Oh 

LXXII 

ManoOl 



In the last fifteen years the application of the ozone degradation to 
various alkaloids has been improved, and in certain instances has yielded 
important results. By treatment of dihydrocodeine in formic acid solution 
with ozone, Speyer and Popp (140) obtained ozodihydrocodeine, which 
apparently resulted from scission of Uie 3,4klouble linkage of the aromatic 
nucleus of dihydrocodeine. Ozodihydrocodeine contained two oxygen 
atoms more than the starting material, had neither aldehyde nor ketone 
properties, and was not phenolic. On the theory that the aromatic 
nucleus had been attacked, the substance was given formula LXXTV, 
which accounted well for its chemical behavior. By saponification, 
ozodihydrocodeine was converted to a dibai^c acid, dihydromoiphinic 
acid (LXXV). 



Ozodihydrocodeine 


Dihydromorphimc acid 
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Additional evidence for tiie opening of the aromatic nucleus in this ozoniza- 
tion was found in the products from the treatment of dihydroethylmorphine 
with ozone; a homolog of ozodihydrocodeine, ozodihydroethylmorphme, 
was obtained (formula IXXIV, witii COOCyEs in place of COOCHs), 
which yidded the same dihydromorphmic acid (LXXV) on saponification. 
This degradation differed from previous reactions in that the ordinal 
position of the nitrogen ring was undisturbed. 

In a later paper, Speyer (141) showed that ozonoljrsis of the lactone-ester 
LXXrV removed three carbon atoms as glyoxylic acid ester to form codinal 
(LXXVI), which was identical with the end product obtained in the 
ozonization of morphine. 


N— CH, 



In the case of thebaine, Wieland and Small (155) have brou^t to a 
successful condusion the ozonolysis experiments begun by Fschorr and 
Mnbeck in 1907 (119), to show that ozonization of thebaine results in the 
rupture of the 6,7-double bond, yidding the methyl ester of an acid con- 
tdning an aldehyde group. 

N— CH* N— CH, 




In 1931, Johnson and Hint (85), for the first time, investigated the 
bdiavior of pyrinudines toward ozone. It was found that uracil (LXXVII) 
and ozone interacted in glacial acetic add at ordinary temperature to 
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form chiefly fomylglyoxylurea (LXXVIII) and oxaluric acid (LXXEX). 
In addition, part of the uracil molecule was completely broken down with 
formation of urea, oxalic acid, and formic acid. Formylglyo^lurea was 
the first member of its type to be described. 


NH— CO 

1 1 

NH— CO 

1 

NH— CO 

CO CH 

i| 

CO CHO 

Ao 

JIH— CH 

NH— CHO 

Mg COOH 

LXXVII 

LXXVIII 

Lxxrx 

Uracil 

Formylglyoxylurea 

Oxaluric add 


In a second paper (86), the behavior of derivatives of uracil, indudiug the 
4-methyl-, 4-phenyl-5-bromo-, 5-nitro-, and 1 ,3-dimethyl-5-bromo-uracils 
and thymine, toward ozone was inv^tigated with similar results. The 
authors stated: ''The application of ozonization makes possible an im- 
proved technique for determining the structure of uracil compounds. 
The advantages gaindl experimentally become apparent when one is 
called upon to separate and identify the products of ozonization.” 

In the field of the azulenes, the Mue substances which are constituents 
of certain essential oils, frequ^t applications of ozonolysis (4, 13, 109, 129} 
have been reported in attempts to prove the structure of these cmnpounds. 
Experiments with the original substances and with partially hydrog^iated 
compounds have been conducted. The products isolated and identified 
indttded formaldehyde, acetone, formic, acetic, oxalic, isobutyric, and 
ce-methylglutaric acids. From these results it became evident (147) tiiat 
further investigation of azulenes by oxidative d^radation was unpromis- 
ing, since only small fragments would be obtained, from which inferences 
could not be drawn conceming the original compounds. It is of interest 
tiiat in this instance, as previously described, ozone proved to be great 
value in ssmthesis, but of little use in d^radation. 

In the chemistry of the sterols, the early usage of ozone was fraught with 
difficulties, and 1^ only to anomalous results. A number of papers were 
publMied 34, 59) reporting tiie formation of an ozonide of cholesterol 
witii a compotition correspondii^ to tiie addition of about 2 mdes of 
ozone, but no product could be identified on decomposition. The second 
mole of ozone added appears to have been due to a delqtiiation d the 
molecule during the action of ozone on the doable bond, followed 
by addition of ozone to the bond so formed. The method was tberefcne 
abandoned in this connection. Becmitiy, however, sevmal impOTtant 
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discoveries have be^ made by the ozonolyris of ergosterol and rdated 
compotmds. 

In 1932, Reindel and Eipphan (123) identified the aldehyde previously 
obtained (124) from the ozonide of ergosterol as methylisopropylacetal- 
dehyde, a previously unexpected development, and the same aldehyde was 
also obtained from ergosterols Bi and Bi, lumisterol, calciferol, and supra- 
sterols I and 11 (50). All of these compounds therefore contained the 
same side chain, — 

CH, CH, 
(CH,),CHiHCH=CH(!3H— 

i 

This was also found to be present in the maleic anhydride addition products 
of ergosterol, dihydroergosterol, and tach 3 ^terol, showing that the con- 
jugated double bonds in these compounds were independent of the double 
bond between €22 and C 28 in the side chain. St^masterol was later found 
to give ethylisopropylacetald^yde on ozonization, in agreement with the 
formula C)29H4«0 assigned to it (49). In further work on stigmasterol, 
Femholz (38) found that bromine could be added to the double bond 
situated in the nucleus, without affecting the one in the side chain. By 
ozonolysis of the acetate of this dibromide, a portion of the side chain was 
removed, and the product after debromination was reduced. Finally, 
hydrolysis yidded 3-hydroxybiBnorallocholanic acid (LXXX), which on 
removal of tiie hydro:Qrl group gave bisnorallocholanic acid, a known 
compound. This sequence of operations proved that stigmasterol con- 
tained the same ring system as cholesterol and ergosterol. 



LXXX 

3-Hydroxylnsnorallodiolanic add 
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The exact position of the double bond in the nudeus of j8-ergostenol 
(LXXXI) was proved by the use of ozone. Achtennann (2) ozonized the 
acetate, submitted the ozonide to reductive fission, follow^ by pyrolysis, 
and obtained a keto alcohol of the formula Ci«H2^2 (LXXXII). This 
substance was fully characterized in 1935 by Laucht (101), who converted 
it by dehydrogenation with selenium into 2-methylphenan1hrene. The 
other fragment of the pyrolysis, an a-unsaturated aldehyde, C12H22O, was 
isolated as the semicarbazone. These products could arise only from an 
initial ozonolysis between positions 14 and 15. 


CgHu 


CHJ 


/W\/U 16 

LXXXI 

/3-Ei^ostenol 


CSt 



LXXXII 


In connection with the important antirachitic substance, vitamin Dj 
or calciferol (LXXXIII), ozonolysis has also recently been of value. 
Windaus and Thiele (161) located the podtion of the double bonds in a 
series of experiments concerning the addition product of calciferol with 
maleic anhydride (LXXXIV). On ozonization of the dihydro derivative 
of the ad<htion product there was obtained a saturated ketone whi^, 
from its composition (C11H34O, bicyclie), must have the structure shown in 
formula LXXXV. This observation established the presence of a double 
bond in the 7,8-position. 

Further, Heilbron and his collaborators (74) ozonized vitamin Ds and 
isolated as one product a keto acid, CuHscOs (LXXXVI), whidi must have 
resulted from the fisdon of the molecule at the CtjCs- and the Cn,Car 
ethylenic linkages. 
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CH, 



H*, thenOi 



As B second product of ozonolysis, formaldehyde was isolated aiul char- 
acterized as the dimedon derivative. This established the presence of an 
exocydic methylene group, as postulated by Windaus and Thide (161), 
and removed any uncertainty in the evidence adduced by these invest^a- 
tors arising from the pc^ibility of a rearrangement in the course of the 
Diele-Ald«r condensation. Windaus and Grundmann (159) confirmed 
these observations, and also obtained about 30 per cent of tine calculated 
amount of foimalddiyde, using ozone. Since eigosterol under siToilar 
conditions gave a few per cent of formic acid and a trace of formaldehyde. 
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even though it contains no methylene group, Windaus regarded the isola- 
tion of the other oxidation products as providing the most rdiable indica- 
tion of the structure. 

By the application of the ozone method Fischer and Lowenberg were 
able to deduce the structure of phytol, the alcoholic component of chlor- 
ophyll, and later proved the structure by ssmtiiesis. 'VSnaistatter and 
coworkers in 1911 (158) had obtained by oxi^tion of phytol a ketone 
which was considered to be CitHs*©. Fischer and LSwenberg (40) reduced 
the ozonide of phytol, a Ci# compound, usii^ hydrogen and palladium- 
calcium carbonate as catalyst, and obtained glycolaldehyde and this same 
ketone, which must therefore be CisHmO. It was next assumed that 
phytol was built up of reduced isoprene units, and that its constitution 
mi gh t, be 3,7,ll,16-tetrametiiyl-A*-hexadecen-l-ol (LXXXVII). This 
would give on hydrolysis of the ozonide a ketone, 6,10,14-trimethyl- 
pentadecan-2-one (LXXXVIII). The latter substance was synthesized 
from famesol, and was found to be identical with the ketone derived from 
phytol. The constitution of phytol tiius established was later confirmed 
by synthesis (44). 

CH»CH(CH,),CH(C®2),CH(CH*)3(>=CHCH,0H 

in, in, ia in, 

LXXXVII 


CH8CH(CH,),CH(CHi),CH(CHj)*O= 0 4- 0— CHCHiOH 


in, i] 




in, (laE, 

LXXXVIII 


The presence of the large number of double bonds characteristic of the 
carotenoids renders the latter open to attack by ozone at all these pomts, 
and decomposition of the ozonides so formed has resulted in a great variety 
of products. The determination of terminal groups has been the chief 
service of ozonolysis in this field. 

Earrer and Bachmann (88) reported that ozonization of lycop^ae 
produced a large amount of acetaldehyde and acetic acid, and furth^ the 
particularly important product, acetone. The iscdation <rf the latter 
substance in an amount equal to 80 per cent of that calculated for two 
isopropylidene groups indicated that both ends of the mdecule consisted 
of these groups, since nrither geronic or isogeronic amd could be foumi. 
In addition, Strain (145) confirmed the earlier qualitative observation of 
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Kairer, by isolating from 0.90 to 1.32 moles of levulinie acid per mole of 
lycopene ozonized. These results substantiated the formula (LXXXIX) 
suggested for lycopene by Karrer and Bachmann. 


CHs CH* 

V 

HC CH— CH= 


1 U 




IH, 


CHj CHa 

V 

\ 

=[K]=CIH— CH CH 

HjC — C ([ 1 H 2 

CHs 


Lycopene 

([E] >■ chain of four isoprene units) 


Thus, lycopene is entirely acyclic, 7 -carotene is acyclic at only one end, and 
a- and jS-carotenes are cydic at both ends. 

The constitution of o-carotene was proved conclusively in 1933 by the 
ozonolysis esperiments of Karrer and coworkers (92), who isolated geronic 
acid and isogeronic acid by ozonizatiion of pure a-carotene. Therefore 
the correct formula must be 


HsC CH, 

V 

H,C^ '^C_CH— [K]— CH 


si L 


H,C CH, 

V 

1— CH— C^ 


Vs 


CH, 


H,C— < 


i i: 
V 


CH, 


IH, 


XC 

a-Carotene 


This proof of the structmre of a-carotene was of fundamental importance, 
since the simultaneous appearance of geronic and isogeronic acids as 
decomposition products proved the presence of two ionone carbon-ring 
s 3 rstems in the carotenoids. 

The ozonolysis of j3-carotene (S9) yielded much the same larger cleavage 
fragments as /3-ionone. The observation that one molecule of jS-carotene 
yklded two of geronic acid, whereas jS-ionone gave only one ( 121 ), showed 
that j^-carotene must contain two such ionone cycles. In addition, the 
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isolation of glyoxal strengthened the evidence in support of Earrer’s 
formula (XCI). 


H,C CH* 

V 


H, 




\ 




c— CH==[K]==CH- 
i — CHs 


HbC ch, 

V 
y 

C CHj 


H,C-« 


A A: 


IH, 


XCI 

^-Carotene 


Another important result of ozonolysis in this field was its application to 
vitamin A. The first hght on the structure of this substance was the 
formation of geronic acid from it on ozonization (90), which indicated that 
it contained an unsubstituted jS-ionone cycle. 

The rapid solution of the ascorbic acid (vitamin C) problem has been one 
of the major achievements in the field of sugar chemistry, and in it ozonoly- 
sis has played its part by contributing a direct proof of the ring structure 
of the compound. 

By the action of diazomethane on ascorbic acid (XCII), a dimethyl 
derivative (XCIII) was readily obtained (92, 112). Birst and collab- 
orators (76) found that both the methoxyl groups so introduced were 
enolic in origin. In addition, there were two other hydroxyl groups which 
could be methylated by Purdie’s reagents, silver oxide and methyl iodide, 
giving tetramethylascorbic acid (XCIV).- This substance reacted easily 
with ozone (76), two atoms 

CO- 

hoA 1 
Hoi" 
hU 

hoAh 

Ah, OH 

XCII 

Ascorbic acid 


CHiOCCO 


CH,0' 


\. 


0 


hoAh 
Ah, OH 


XCIII 


CHjOCCO 


CEW) 


i2 

CHioAh 

Ah, 


:,ocHg 

XCIV 

Tetramethylascorbic add 
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CHgOCCO 

* » 

0 

CHsodc; 

CHaodjH 

CHjOCH, 

XCV XCVI XCVII 

3 ,4-Dimethyl4 • 3 ,4-Dimeth.yl- 

thr«onaimde ei^hronamide 

COOH 

COOH hAoH 

iooH ch,oAh 

AhjOCH, 

xcvm 

3,4-DimetlQrl-Z>threomc add 

of oxygea bdng added with fomoation of a neutral product, XCV, which 
was identified as methyl-3, 4-dimethyl4-threonate substituted in position 
2 by a methyl oxalate residue. This reaction proceeded similarly to the 
ozonization of di-(p-nitrobenzoyl}dimetiiylascorbic acid studied by,Micheel 
and Kraft (112). On treatment with methyl alcoholic ammonia the 
neutial est@r XCV gave immediately oxamide and 3,4-dimethyl-^-threon> 
amide ^CVl), together with a small quantity of the epimeric 3,^i- 
methylerythronamide (XCVII). Hydrolysis of XCV with barium 
hydroxide gave barium oxalate and the barium salt of 3,4-dimethyl-l- 
tldreonic add (XCVIII), again admixed with a small amount of 3,4- 
dimethyl-l-erythromc add. 

The reaction between tetramethylascorbic acid (XCIV) and ozone 
involved the addition of two o^gen atoms with formation of a neutral 
ester (XCV), and the breaking of the bond between the two carbon atoms 
which were united by a double links^e, but did not result in the formation 
of a substance containing a smaller munber of carbon atoms. It followed, 
therefore, that a ring system was present in tetramethylascorbic acid and 
the nature of the reaction left open only two possibilities for the structure 
of XCIV, for which tiie alternative was shown in formula XCIX, which 
contains a propylene oxide ring. The latter was inherently improbable, 


CONH, CONH, 

CONHj HoAh hAoH 

Aonhi ^ cHaoAn chjoAh 

AhjOCH, Ah,och, 
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owing to the strained nature of the ring and the properties of dinaethyl- 
ascorbic acid. 


-0 

OCHj 

CH,OCO(!>=i CCHjOCH, 

i icH, 

XCIX 


Although indigo is one of the oldest known and most widely used organic 
compounds, the problem of its structure is still being investigated. The 
ozonization of in^o (C) reported in 1938 by van Alphen (3) gave, for the 
first time, a direct proof of von Baeyer’s formula (7), advanced in 1883, 
which assumed that the two indole halves of the molecule are connected 


0 


/cy\ 


c 

Indigo 


by a double bond between two carbon atoms. Previously, no direct 
evidence for this double bond had been found. The common reagents, 
including bronodne, chlorine, and hydrogen, are not added by it and, 
although two geometrical isomers should esdst, only one form of indigo is 
known. The isolation of isatin (Cl) on decomposition of the ozonide of 


0 



Cl 

Isatin 
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indigo with water has finally established the presence of an aliphatic double 
bond in the indigo structure. 

Z. THE LIMITS OF THE OZONE BEACTION 

In the application of the ozonization method, there are certain limita- 
tions, based on past fflq}erience, which can be followed to advantage. 
Probably the most obvious disadvantage is the explosibility of certain 
ozonides, which may lead to the failure of an experiment. In almost every 
case, however, it is possible to avoid explosions either by exercising special 
precautions, such as working at low temperatures, or by carrying out the 
decomposition of the ozonide in solution. 

There are, also, various structural configurations which have a marked 
effect on the course of tiie reaction. Ozone reacts more rapidly with iso- 
lated open-chain ethylenic linkages than with two or more conjugated 
double bonds or those present in aromatic ring systems, and it reacts more 
readily with a carbon-to-carbon than with a carbon-to-nitrogen double 
bond. Thus the ethyl^c linkages in the side chain are attacked on 
ozonization of phenylated ethylenes, and the ozonization of triphenyl- 
isoxazole furnishes the benzoate of benzil monoxime. In general, how- 
ever, the presence of a carbon-to-nitrogen double bond leads to complica- 
tions which may render the results of ozonolysis inconclusive. 

As regards the ozonization phase of the reaction, as distinguished from 
the decomposition of the ozonide, no general rules may be stated, since 
small changes in the structure of a molecule may require important modi- 
fications of procedure. In any case, neverthdess, over-ozonization is 
to be avoided. Ozone itself has seldom been observed to change the 
structure of a molecule, although, in one instance, Harries (70) reported 
the dehydration of a terpene alcohol with concentrated ozone, thereby 
obtaining a trlozonide instead of the expected diozonide. The normal 
reaction ensued when weaker ozone was used. 

Difficulties in the interpretation of the reaction may arise, owing to 
interaction, oxidation, or further decomposition of the primary decom- 
position products. An example may be cited in the case of the azulenes, 
previoutiy described, where the small size of the products identified made 
it impossible to deduce the original structure. 

Unstable aldeh 3 ^es may either pol 3 rmarize or decompose at the tem- 
perature necessary for the decomposition. On this account, the half- 
aldehyde of malonic acid could not be identified by Harries and Fonrobert 
(68), but instead acetaldehyde and carbon dioxide were found. Similarly, 
in the ozonization of pul^one (113) (CII) it was not possible to identify 
l-metiiyl-3,4-cyclohexanedione (CIV), once jS-metiiyladipic acid (CIII) 
was formed immediatdy. 
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Fortunately it is often possible to prove the stoicture of the original 
compound from an identification of the secondary products formed, by a 
knowledge of the behavior of the primary products under similar experi- 
mental conditions. 

One other unusual decomposition of anozonidemaybecited. Emnppa 
and Eoschier (98), in the ozonization of a-fenchene (CV), obtained a 
monobadc saturated acid CVI of which the structure was proved by 
^thesis. 


CHs CH- 

HgcilCH, 

CH, — t: 


CHi CH CHf 




IH 0=CH, 


CV 

o-Fenchene 


H.CCCH, 

CHs ha CHCOOH 

CVI 


This repres^ts the only case recorded in which the addition of ozone to a 
double bond has not resulted in fission of the molecule at this point. 

Deq>ite its limitations, tihe method has the decided advantage that it 
p^nits isolation of the primary cleavage products, for the ^cess oxidant, 
ozone, can be removed before the ozonide is cleaved. In oxidation with 
potassium permai^anate and chromic acid ^ deavage products are 
exposed to tiie action of the oxidant. In addition, no diq)lacement of a 
double bond ibrough addition of ozone and subsequent deconqtosition of 
the ozonide has ever been observed. 
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I, Introduction 

It was discovered by Claisen (23) in 1912 that aJlyl ethers of enols and 
phenols undergo a smooth rearrangement on heating, yielding the isomeric 
O-allyl compounds. This change, which can be illustrated by the con- 
version of allyl phenyl ether (I) to 2-allylphenol (II), has been investi- 

OCEtCH=<!H2 OH 

|^^HaCH=CH, 


I 

Allj^ phaayl ether 
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2-AlIylpheaol 
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gated extenavdy by Claisen and other workers, and a large amount of 
information about it has been accuinulated. The usefulness of the Claisen 
rearrangement in synthetic work, particularly in the synthesis of natural 
products, its application as a tool in the study of the bond structures of aro- 
matic compounds, and its intrinsic interest as a molecular rearrangement 
have combined to stimulate a lai^e amount of research. 

The present review will discuss the general topic of the Claisen rear- 
rangement under three headings: (1) the nature and scope of the reaction, 
including the rearrangement of compounds analogous to allyl ethers but 
involvii^ elements other than carbon and osygen; (8) applications of the 
Claisen rearrangement as a tool in oi^anic chemistry; and (S) possible 
mechanisms for the rearrangement. 

II. Natttre ani> Scope of the Claisen Eeabbanoement 


A. OENEBAL CONSmONS OF THE BEABBANOEUENT 


The types of compounds which undergo the Claisen rearrangement will 
be discussed in detail in later sections, but the general structural features 
necessary will be mentioned here. 

The group of atoms C=C — 0 — CHsCH=CHj must be present, in 
which the C==C — 0 group may belong to an open-chain molecule or to 
an aromatic ring. The replacement of the hydrogens of the allyl group 
by alkyl or aryl groups does not, in general, hinder rearrangement, but 
this point will be discussed later. That the C==C — 0 group is necessary 
is shown by Ckdsen’s demonstration (21, page 97) that allyl cycloheiyl 
ether does not rearrange when refluxed. The necessity for the double 
bond in the allyl group is shown by the stability of methyl 0-propyl- 
acetoacetate (23, 34) and ri-propyl phenyl ether. 


H OCH*CH=CB, 
\/ 

h/\h, 





Allyl cyclohexyi 
ether 


OCHiCHiCH, 

CH,C=CHC00CH8 

icHaCHaCH, 


Methyl 

o-propylacetoaoetate 


7»-Propyl phenyl 
ether 


The benzyl phenyl etiiers, CeH^OCHaCtHs, contain the necessary atomic 
grouping, but they do not give the rearrangement under conditions (94, 
26) comparable to those effective for the allyl ethers. Bearrangement 
can be forced under more drastic conditions, however (46, 11), but the 
product contains a laige proportion of the para-compound. 

As would be anticipated from the reactivity of allyl compounds in 
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general, unsaturated ethers with the double bond in other than the /3-posi- 
tion do not rearrange. Powell and Adams (94) showed that 7-butenyl 
phenyl ethers of the type C6H50CH2CH*CH=CHa could be refluxed for 
12 hr. without change, and that vinyl phenyl ether, CeHsOCH^OH*, 
gave no rearrangement analogous to that of the allyl ethers. The same 
authors, and later Hurd and Cohen (49), showed that the double bond in 
the allyl group cannot be replaced by a triple bond, for the phenyl pro- 
pai^l ethers, CaHsOCHsC^CH, do not rearrange on refluxing, although 
they give some phenol and other decomposition products. 

The rearrangement of allyl aryl ethers is a process entirely distinct from 
the rearrangement of alkyl aryl, vinyl aryl, and benzyl aryl ethers (110) ; 
these ethers are usually rearranged in the presence of acidic catal3rsts and 
give a mixture of ortho- and parar-products, frequently with considerable 
disubstitution. The allyl aryl ethers require no catalsret, almost in- 
variably give no para rearrangement if an ortho-position is open, and give 
only traces of disubstitution products. 

The following groups containing elements other than carbon and o:!^- 
gen have been shown to ^ve rearrangements analogous to the Claisen 
rearrangement (section F) : 

CH*=CHCH20CH=NR (109, 90, 16) 
CHi=CHCH*SO-C (61) 

CH2=CHCH2SC^N (12, 17, 90a) 

CH^CHCHa— C— C=C (31) 

It will be noted that the relative positions of the two centers of unsaturation 
in these systems are the same as in the allyl ethers. 

Compounds containing the following systems have been shown not to 
^ve a Claisen type of rearrangement on heating: 

CHj^CHCHaN— C=C (20) 

NsCCH20C=C (94) 

0=C— CHiOC=C (106) 

CH, 

In his initial article (23) Claisen reported that 0-allylacetoacetic ester, 
when distilled with ammoniiun chloride at atmospheric pressure, yielded 
the C-allylacetoacetic ester: 

CH,C=CHCOOCyB[5 CH,C— CHCOOCiHs 
icHaCH^CHa i iHaCH=CH, 

O-AUylacetoacetio C-AUylacetoacetic 

ester ester 
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In extending his work to allyl ethers of phenols, Claisen found that the 
ammonium chloride catalyst was unnecessary and that high sdelds of the 
rearranged product were obtained by refluxing the ether for a short time 
under atmospheric pressure. Thus allyl 4-methylphenyl ether (I) gave 
an 80 per cent yield of 2-allyl-4-methylphenol (II) when refluxed without 
solvent for 1 hr. at atmospheric pressure (25, page 43). 

OCHaCH^CHa OH 

0 “-“ 

CH, CH, 

I II 

Allyl 4^methyiphenyl ether • 2-Allyl-4-methylphenol 

Since the rearrangement is markedly exothermic, the temperature of the 
liqtdd goes up during the reaction. The product of the reaction has a 
higher boiling point than the starting material, and therefore the progress 
of the reaction is accompanied by an increase in the boiling point, which 
ceases when the change is complete. 

For ample allyl aryl ethers which have boiling points not too far above 
200°C., this ^ple procedure of refluxing at atmospheric pressure until 
a constant boiling point is obtained is usually satisfactory. Claisen soon 
found that better yields were obtained in many cases when the ether was 
refluxed under diminished pressure, since undearable ade reactions were 
caused by refluxii^ at high temperatures (25, page 33). The same result 
was obtained more conveniaitly by mixing the ether with a solvent to 
act as diluent, the solvents most frequently employed being dimethylani- 
line (b.p. 193®C.) and diethylaniline (b.p. 215**C.). According to Claisen 
(21, page 72), better yields were obtained with these basic solvents tiian 
with indifferent hydrocarbon solvents (qf. 30). Recent kinetic studies of 
the rearrangement (70, 107, 69) have shown that dimethylaniline has only 
a n^ligible effect on the rate, and one is inclined to suspect that the supe- 
rior solvent propCTties of the anilines are due to the fact that they can be 
separated from the product so readily by washing with dilute acid. Par- 
a^ oil (21, page 111), tetralin (61), and kerosene (37) have been employed 
for the rearrangement with satisfactory results. 

The reaction mixture in the case of phenols is usually worked up by 
removing the basic solvent, if present, by dilute mineral acid, taking up 
the residue in petroleum ether, and extracting with alkali to separate the 
phenolic product from the neutral by-products and starting material. 
When the phenols are hi^y substituted, especially the 2,6-disubstituted 
ones, their aridity may be so greatly diminished t^t they are practically 
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insoluble in aqueous alkali; in such cases “Claisen’s alkali” (21, page 96), 
prepared by dissolving 360 g. of potassium hydroxide in 250 cc. of water 
and diluting to 1 liter with methanol, has proved of great service in iso- 
lating weakly acidic phenols (21, 102, 37). 

The use of a non-oxidizing atmosphere, such as hydrogen, carbon dioxide, 
or nitrogen, usually gives a better product (63). In working with 1,5- 

TABLE 1 

Rearrangement of atraight^hain etkera 


COM^OXTMD* 


BBFBB- 

BKCB8 

Ethyl 0-allylacetoacetate. 

Ethyl C-allylacetoacetate 

(23, 22, 



73) 

Ethyl 0-cinnamylaiceto- 

Ethyl C-(a-phenylallyl)acetoacetate 

(73, 15) 

acetate 

Ethyl C-cinnamylacetoacetate 

(15) 

0-Allylacetylacetone 

0-Allyloxymethylenecam- 

C-Allylacetylacetone 

(23) 

phor 

C-AUyloxymethylene camphor 

(23) 

Allyl vinyl ether 

Allylacetaldehyde 

(56) 

Allyl a-methylvinyl ether* 

Allylacetone 

(56) 

Allyl a-phenylvinyl ether. 

Allylacetophenone 

(56) 

7 -Ethylallyl vinyl ether. . . 

(a-Ethylallyl)acetaldehyde 
(a, 7 -Dimethylallyl)acetaldehyde 

(57) 

(57) 

2-Propenyl-4-propyl-6- 

methoxyphenyl 

2-Propenyl-4, 6-dichloro- 

l,2,4,6-CeH2(OH)(R)(C;ja[7)(OOH,)t 

(28) 

phenyl 

2-Propenyl-4, 6-dimethyl- 

l,2,4,6-CaHt(OH)(R)(Cl),t 

(28) 

phenyl 

l,2,4,6-CJB,(OH)(R)(CH,),t 

(28) 

* In these tables, benzene 

compounds are named as derivatives of allyl phenyl 


ether, the words “allyl” and “ether” being omitted, except in the ease of substitated 
allyl groups. Thus “4-methylphenyl” in the table refers to “ailyl 4-methylphenyl 
ether.” Ethers derived from polycyclic aromatic hydrocarbons and heterocyclic 
cmnpounds are named as allyloxy derivatives of the nucleus in question: thus, “2- 
allyloxynaphthalene” instead of “allyl 2-naphthyl ether.” 
t B equals -OH— CCH,CH—CH,. 

CH. 

diallyloayanthracene, Meser and Lothrop (39) found that no pure product 
was obtained when the compound was heated in diethylaniline, but when 
the rearrangement was carried out in the presence of acetic anhirdiide 
and dietiiylaniline, the rearrangement product was readily isolated in the 
form of its diacetate. The very sensitive dihydrojgr compound formed 
was protected from decompodtion by acetylation to pve the stable 
diacetate. 
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B. BBAHRANQBMBNT OE OPEN-CHAIN COMPOUNDS 


In his first report (23, 22), as mentioned before, Claisen stated that 
ethyl 0-allylacetoacetate (I) and 0-allylacetylacetone (II) on distillation 
with ammoninm chloride gave the corresponding C'-allyl derivatives in 


CHsC=CHCOOCyE6 

OCJEj 

I 

Ethyl 

0-allylaeetoacetate 


CH.0=CHC0CH3 

OCaHs 

n 


0-Allylacetylacetone 


CHsC— CHCOOCjHs 

A CaHs 

III 

Ethyl 

C-allylacetoacetate 


good 3neld (III from I and the corresponding compoimd from II). The 
0-allyl derivative of oxymethylenecamphor gave a similar rearrangement 
to the C-aJlyl compound, whose structure was proved by cleavage with 
alcoholic alkali to C-allylcamphor and formic add: 


CHs 


Hi C=0 

CHs— C— CHa 

HaC (>=CHOCaHs 

'CH' 


/O=0 

°®<6cho 

GH, 


/C=0 



C-Allylcamphor 


Qaisen’s paper gave no experimental details of his work with the enol 
ethers, but this was supplied later by Lauer and Kilbum (73), who showed 
that there was a slow rearrangement of I at 150-200°C., which was more 
rapid in the presence of ammonium chloride. The structure of the re- 
arrangment product (III) was proved by comparison, through a solid 
derivative, with a known sample. 

In the rearrangement of ethyl 0-ciimamylacetoacetate (IV), Lauer and 
Eilbum (73) observed that the substituted allyl group after migration was 
attached by the v-earbon, giving V, instead of being attached by the same 
carbon which was bonded to the oxygen in the ether. This phenomenon 
of '/-attachment is called inversion and is of very general occurrence. 


ch3C=chcooc;*H5 ch,cochcooc*Hj 


ic 


)CHsCH=CHC,Bk 

rv 

Ethyl 

O-cinnamylacetoacetate 


(!3H(C,a)CH=CH. 

V 


CHsCOCHCOOCjH, 

(!3HiCH=CHC,HE 

VI 

Ethyl 

C-ciimamylacetoacetate 
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Lauer and Kilbum carried out the rearrangement at 110®C. with am- 
monium chloride as catalyst and proved the structure of the product by 
reducing the double bond and forming the pyrazolone, which was identical 
with the pyrazolone prepared from compoimds of known structure. 

When ethyl 0-cinnamylacetoacetate (IV) was heated for 4 hr. at 260*C., 
Bergmann and CJorte (15) found that rearrangement took place without 
inversion; the product was shown to be VI by hydrolysis and decarbox- 
ylation to the ketone. When IV was hydrolyzed with alcoholic alkali, 
two products were obtained: 

CHa=CHCH(C6HB)CHaCOOH -h 

iS-Phenyi-jS-vinylpropionic 
acid 

CHi=<)(CH,)0CH4CH==CH(:!,HB 

CSnnamyl a-methylvinyl ether 

One was /S-phenyl-/3-vinylpropionic add, which would be formed by re- 
arrangement with inversion to give V, followed by acid cleavage. The 
second was cinnamyl a-methylvinyl ether, which would be formed by 
hydrolysis and decarboxylation of the starting matmal, without rear- 
rai^ement. This compoimd is of considerable interest, in view of Hurd 
and Pollack’s work (56) on the rearrangement of allyl vinyl ethers. 

This work by Lauer and Bergmann confirms Claisen’s results, and in- 
dicates that the inverdon of cinnamyl enol ethers depends on the conditions 
employed. 

The simplest compounds containing the C==C — 0 — C — 0=C unit are 
tile vinyl alljd ethers, which have been carefully investigated recently by 
Hurd and Pollack (56). Vinyl allyl ether itself rearranged deanly at 
255‘’C. in the gas phase: 

CHp=CHOCHiCH=CH* CBi=CHCHaCH*CHO 

Vinyl allyl ether 

No rearrangement took place at 215*’C., and the reaction appeared to be 
about 50 per cent complete at 256‘’C. a-Methylvinyl allyl ether (VII) 
and a-phenylvinyl allyl ether (VIII) gave similar reactions, 

C!Hs=COCHaCH=CH* CH*=COGHsCH=«OHs 

djH, i.HB 

VII vm 

o-Methylvinyl allyl o-Phenylvinyl allyl 

ether ethw 


CHsOMDHCOOCbHb 

(l)CHaCH=CHC«Hs 

IV 

Ethyl 0-cinnamylaceto- 
acetate 
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the former rearran^s^ practically completely at 265®C. in the gas phase, 
and the latter after 15 min, refluxing at atmospheric pressure. The rate 
of rearrangement of these three compounds evidently increases in the 
order named. 

In the rearrangement of a substituted vinyl allyl ether, Hurd and Pol- 
lack (57) found that inverdon took place. 

CHs==CHOCHsCH=CHC,H, ) 

DC 

Vinyl 7 -ethylallyl ether 

+ |.-^CH2=CHCHCH*CH0 -h 

CHa=CHOCH(C2Hj)CH=CHs ^ 

Tmjd ete J 

CjHbCH^CHCHjCHjCHO + CHaCH=CHCHCH2CHO 

in, 

XII XIII 

4-Heptenal 3-Methyl-4-hexenal 

The ether rearranged was a mixture of two allylic isomers, vinyl y-ethyl- 
allyl ether (IX) and vinyl a-ethylallyl ether (X), eonasting of 81 per cent 
of the former and 19 per cent of the latter; the figures are based on an 
anal 3 ^ of the mixture of the isomeric bromides, l-bromo-2-pentene and 
3-bromo-l-pentene, from which the ethers were prepared, and the as- 
sumption was made that there were no allylic shifts involved in the prep- 
aration of the ethers. Rearrangement of the mixture of ethers was 
carried out at 255‘’C. in the gas phase, followed by heating in a sealed tube 
at 220®C. The product was a mixture of three compounds; (f) 3-ethyl-4- 
p^tenal (XI, 76 per cent) formed from IX by inversion; { 2 ) 4-heptenal 
(XII, 18 per cent) formed from X by inversion; (S) 3-methyl-4-hexenal 
(XIII, 4 per cent), an example of the anomalous type of rearrangement in 
which the substituted allyl group is attached by some carbon other than 
the 7 -carbon after migration. Analsrses of the mixtures of allylio isomers 
were carried out by ozonization and determination of the amounts of 
formic, acetic, and propionic adds formed. 

A different type of rearrai^ement in which the aUyl group migrates 
to an open-chain double bond was reported by Claisen and 'Detze (28). 
They found that allyl phenyl ethers with a propenyl group in one ortho- 
podtion and substitu^ts in the other orth^o-podtion and in the para- 
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position could be rearranged to phenols with the allyl group attached to 
the side chain. Thus, XIV gives XV in 37 per cent yield when refluxed 


OC,H» 

CH/^H=CHCH, 

\J 

CHa 

XIV 



XV 


under diminished pressure at ITT^C. for 7 hr. Two other examples of this 
type of rearrangement were reported (57), and the reaction is interesting 
because it is analogous to the rearrangement of allyl phenyl ethers to the 
pararposition of the benzene ring. 


C. REABHAEGEMENT OF ALLYL ARYL ETHERS TO THE ORTHO-POSmOK 

The most important case of the Claisen rearrangement is the formation 
of o-allylphenols from allyl aryl ethers. A search of the literature in- 
dicates that more than one hundred and fifty examples of this type of 
reaction are known (table 2), of which approximatdy one-third involve 
ethers with substituted allyl groups; the compounds studied involve 
aromatic and heterocyclic nuclei with a variety of substituents in the 
nucleus and side cludn. 

1. General, methods of ‘preparing aUgl aryl ethers 

The most general method of preparing allyl aryl ethers is that of Claisen 
(25, pi^ 29), which consists in refluxu^ the phenol with allyl bromide and 
anhydrous potastium carbonate in acetone for several hours; allyl bromide 
may be replaced advantageously by ^yl chloride and sodium iodide (85, 
99). The method generally ^ves very good yields, but is unsatisfactory 
for weakly acidic phenols, which must be treated with sodium ethoxide 
in alcohol solution to obtain ether formation. The Claisen method is 
also unsatisfactory for phenolalddbiydes, which condense with acetone in 
the presence of potassium carbonate. Substituted allyl chlorides and 
bromides usually can be used successfully (30, 58, 71, 10), although the 
yidds are poorer, owing probably to C-alkylation. 

'Die alkylation may be carried out in aqueous acetone with sodium 
hydroxide and allyl bromide (64), which gives a more rapid reaction and 
somewhat higher 3 deld 8 . The WMamson synthesis, using sodium ethoxide 
and allyl bromide in alcohol solution, is also more rapid than the acetone- 
pbtastium carbonate method and pves good results (25, 29, 26, 10). 
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The following serieB of jS-metiiylallyl ethers :t 

Phenyl l,2-CJH4(OH)(R) (10,97) 

4-Chlorophenyl l,2,4rCJ[,(OH)(R)(Cl) (10) 

2- Methylphenyl l,2,6-C«Hi(OH)(CHj)(R) (10) 

3- Methylphenyl l,3.6-C,H,(OH)(CH,)(R) (10) 


THE CLAISEN BEARBANaEMENT 


509 


OpOOQQOOOpO: 




s ISSiii' 

SShb WMHW: 
ww 2 .SSS.SSi 

CO CO CO CO CO CO ^ 

cf c^r esT w 00 « <N c<r I 




: i : 

! 4^ § § B 

§11 

tllll 

SS4..i4.. 

•4t of N eo 


ll’l 

III 


5 T 4 J I : 

e!i c«i eiic!i c& .1 


2-(7-Methylallyloxy)-l,4r*iiaphtlioquinone 2-Hydroxy-3-(a-inethylallyl)-l,4-naphthoquinoiie 

4-(7-Methylallyloxy)-l,2-naplithoquinone Same compound as above 

t R equals -CH,0«=CH,* 











TABLE l-C<mduded 



[ CiHjOH, and CHf=CH-0=»CH, 

a,a,Y, y-Tetramethylallyl phenyl C(H(OH and CH^=K?(CHi)CH==C(CHi)i 
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Allylalion of 2-hydroxy-l ,4-iiaphthoquinone has been carried out by treat- 
ing the sUver salt in benzene with allyl bromide (35), which gives some 
C-alkylation as well as O-alkylation. 

Varying amounts of C-alkylation are frequently observed; thus Claisen 
(21, page 78) found about 1 per cent of allyl o-allylphenyl ether (I) during 
the allylation of phenol by the potassium carbonate-acetone method, and 


OCiHj 



I 

Allyl o-allylpbenyl ether 

with the more acrive halides cinnamyl bromide and a, 7 -'dimethylallyl 
bromide the proportion of C-alkylation was greater (26) . Smith, TJngnade, 
Lauer, and Leekley (102) obtained a complicated mixture of C- and 0- 
alkylation products by treating phenol with 4-bromo-2-hexene and 4- 
chloro-2-hexene imder the same conditions. Tarbell and Emcaid (107) 
obtained an appreciable amount of C-alkylation in treating 2,6-dimethyl- 
phenol with aUyl bromide and sodium ethoxide in alcohol. Since, in 
general, ^e amount of C-alkylation is greatly increased by cSrrylng out 
the alkylation on the sodium salt of the phenol in benzene (26), this method 
is unsuitable for the preparation of allyl ethers. 

H. Reoerrangemevt of ethers with vnsubstituled dByl groups 

The amplest allyl aryl ether, allyl phenyl ether (I), rearranges to o- 
allylphenol (II) in practically quantitative yidd when heated in an inert 


OCHaCH=CH* 

OH 

0— CHCH, 


/\ch,ch=ch2 


I 

\/ 

II 

III 

Allyl phenyl ether 

o-Allylphenol 

2-Methyldihydro- 

benzofuran 



rv 

atmosphere at 200®C. (21, page 79; 74, 1, 53); a small amount of 2-metii- 
yldihydrobenzofuran (III; 21, page 79) is formed concurrently. The 
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addition of either allcali or acid does not seem to increase the rate of re- 
arrangement, although acid does increase the amount of III; this is not 
surprising, since o-aHylphenols are known to be changed to dihydrobenzo- 
fiirans by acids (29). The rearrangement carried out without using an 
inert atmosphere gives a lower yield (34 per cent) and considerable amounts 
of polymeric material, including a dimer which probably has the structure 
indicated in formula IV (59). 

like nearly all ethers with a free ortho-position, allyl phenyl ether gives 
no detectable amount of para-product when rearranged (74). The limited 
number of ethers which give rearrangem^t to the para-position when the 
ortho-position is available will be discussed separately (page 525). 

The rearrangement of aUyl ethers in general gives high sdelds. Thus 
allyl 4-methylphenyl ether has been shown to give over 90 per cent of 
2-allyl-4-methylphenol when heated in a nitrogen atmosphere for 13 hr. at 
200“C. in sealed tubes (70); about 4 per cent of non-volatile material 
was obtained. 

No very significant generalization can be made from the data available 
about the ease of rearrangement of allyl ethers of aromatic compounds. 
Althou^ the number of examples is large, the information is almost en- 
tirdy qualitative. From recent kinetic studies (70, 69) it is known that 
allyl 2,4rdimethylphenyl ether (V) rearranges about twice as rapidly as 
the monomethyl compound, allyl 4-methylphenyl ether, the former being 


OC.H, 



CH, 


V 

AUyl 2,4-dimethylphenyl ether 

completdy rearranged by heating for 7 hr. at 193“C. PreUminary work 
(68) indicates that allyl i3-naphthyl ether rearranges approximatdy twenty 
times as rapidly as Y, tine reaction being nearly complete in 25 min. at 
174®C. . The aUyl ethers of 2-phenanthrol (VII) and 3-phenanthrol re- 
anai^ at 100®C. (40), which is the lowest temperature recorded for an 
ether with an unsubstituted aUyl group. It seems likely that in numerous 
cases reported in the literature unnecessarily drastic conditions were 
employed and that better yields would be obtained at lower temperatures. 

It appears from work of Oaisen (25, pages 45, 58) that ethers with aUyl 
groups in the nucleus, such as aUyl 2-allyl-4-methylphenyl ether (VI) and 
the ethers from the isomeric aUyl 7»-cresols, rearrange in poor 3 deld, 
probably owing to polymerization through the nuclear aUyl group. 
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OCjHb 



CH, 


VI 

ADyl 2-a%l-4>methylpheiiyl 
ether 



Allyl ether of 2-phenanthrol 


The list of allyloxy derivatives of hydrocarbons whidi have been re- 
arranged (see table 2) includes ethers of benzene, toluene, xylene, allyl- 
benzenes, naphthalene, anthracene, phenanthrene, fluorene, biphenyl, and 
hydiindene. The use of the Claisen rearrangement in detemuning bond 
structures of aromatic hydrocarbons will be discussed later. Among the 
heterocyclic compounds whose allyl ethers have been rearranged are 
fluorescdn, quinaldine, flavone, chromone, dibenzofuran, and coumarin. 

Allyl ethers of a long list of assorted derivatives of aromatic hydrocarbons 
have been rearranged, the substituents including hydroxyl, methoxyl, 
methylenedio^QT, allyloxy (rearrangement involving migration of two 
allyl groups), aldehyde, carboxyl (qf. also section E for these two groups), 
acetyl, propionyl, T-hydrogrpropyl, carbethoxyl, /5-carbomethoxyvinyl, 
halogen, nitro, amino, acetamino, and azo (table 2). 

It is clear that the rearrai^ement takes place without regard for the 
nature of the substituents already present in the ring; there does not seem 
to be any more difficulty in effecting rearrangement of an ether with meta- 
directing groups in the rii^ than in rearranging an ether with the stron^y 
,<ortho-parardirecting hydroxyl or methoxyl groups. 

In fact, from the qualitative evidence available, it appears that the 
rearrangement of all^ 2-nitrophenyl ether (VIII) goes unusually readily, 
73 per cent of the rearrangement product IX bdng obtained by heating for 
5 hr. at 180“C. (26, page 59). The allyl 4-nitrophenyl ether (X), howeva, 


OCjH, OH 

\/ 

VIII IX 

Allyl 2-nitrophenyl 
ether 



OCJBs OCMt 



NOj NO* 

X XI 


Allyl Allyl 3-4qrdToxy- 

4rnitrophaiyl ^Hoitrophraiyl 

ether ethw 


rearranges much less smoothly, 30 to 40 per cent yields being obtained by 
r^uxing for 1.5 hr. in paraffin oil at 230°C. (25, page 40). The eatuation 
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is complicated by the fact that allyl 3-hydrosy-4-mtrophenyl ether (XI) 
gives only 26 per cent rearrangement after 50 min, heating at 185°C., and 
50 per cent of the starting material is recovered (6). On the basis of 
ordinary experience in aromatic substitution, it would be expected that 
the compounds VIII and X would rearrange with comparable ease, and 
that XI would rearrange more rapidly, if the ease of substitution of the 
nucleus were the decisive factor in the rearrangement. 

It is obviously unsafe to draw many conclusions about relative rates of 
rearrangement from qualitative data on yidds under various conditions, 
but it can be said that there is no corrdation evident between the ease of 
rearrangement of the substituted ethers and the ease with which the same 
nucld would react in typical aromatic substitution reactions. As pointed 
out previously, this may be because unnecessarily high temperatures were 
used in effectii^ rearrangements. 

The allyl ethers of the isomeric hydro^gmaphthoquinones (XII and 
Xin) rearrange to give the same compound (XIV) at relativdy low tem- 



p^tures, XII in 10 min , at ISb^C. and XIII in a half-hour at 135-145'’C. 
(35). The rapid reaction is probably connected with the fact that the 
allyl groups are attached to non-aromatic rings. 

S. Beairrangemeni of ethers with sid)stituted aUyl groups; the anomalous 

rearrangement 

Allyl ethers with substituents in the allyl group have been mvestigated 
in some detail, especially ethers of the tsrpes ArOCHsCH^sCHR and 
ArOCH(Il)CH»CH«, where Ar is some aryl group and B is dther alkyl 
or phenyl. 

Work on ethers of this type is complicated by the fact that the halides 
necessary to prepare them are difficult to obtain pure, because of the ease 
with which the allylic rearrangement takes place: 

XCHjCH— CHR GHi==CHCHR 


I 


II 
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The mobility of this equilibrium was demonstrated first by Winstein and 
Young (111) for the butenyl bromides (R equals CHs), and the study was 
extended by Young and ooworkers ( 112 ) to the pentenyl, hexenyl, and 
heptenyl bromides. Probably the alkenyl chlorides do not isomerize 
as rea^y as the bromides, but Young’s work has demonstrated the 
necessity of careful proof of structure of compounds derived from halides 
of the type of I and II, since derivatives of both forms are usually present. 
Work done on allyl ethers of this type before this fact was realized is 
therefore open to question. 

The cinnamyl ethers ArOCHsCEssCHCgHs are not open to this ob- 
jection, since cinnamyl alcohol, CbHsCHb^CHCHsOH, gives only the 
corresponding bromide, without allylic rearrangement (87). Uring 
cinnamyl phenyl ether (III), Claisen and Tietze (29) first showed Uiat 


0CH*CH==CHC,H5 


III 

Ciimamyl phenyl 
ether 


OH 

[''^H(C,H5)CH=CHi 

\J 

IV 


OH 

|^CH,GH=CHCA 

V 

o-Gnnamylphenol 


rearrangement to the ortho-position was accompanied by inversion, be- 
cause the product was different from the product obtained by direct C- 
cinnamylarion of phenol. Barring an improbable allylic riiift, the latter 
was o-dnnamylphenol (V) and the rearrangement product was IV, which 
means that the migrating group was attached to the ring by the 7 -carbon 
atom. That IV is actually the sole product of the rearrangement of 
cinnamyl phenyl ether was proved later by Hurd and Schmerling (59), 
who ozonized the rearrangement product and showed the presence of 
fonhaldehyrie and the absence of benzaldehyde. 

Claisen and Tietze ^) showed by the same method that 7 -methylallyl 
phenyl ether, CaHsOCHjCH—OHCHs, gave inversion on rearrangement; 
thdr crotyl bromide (I; R equals CHs) evidently contained about 15 per 
cent of its allylic isomer ( 111 ), but that the rearrangement product was 
principally 2-(a-methylallyl)phenol (VI) was established by Laum' and 
coworkers (76, 72). 

OH 

j|^H(CH,)CH=CH, . 

VI 

2-(a-Methylallyl)phenol 
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Rearrangement of many substituted aUyl ethers has shown that in nO' 
case in rearrangement to the ortho-position is the substituted allyl group 
attached to the nucleus after rearrangement by the same carbon which 
was attached to the osygen (qf. footnote, page 534 ) ; usually the attachment 
is by the y-carbon atom ^version), as shown by Cldsen, The first 
example of anomalous rearrangement — ^attachment by other than the 
7-carbon atom — ^was observed by Lauer and Filbert ( 71 ), who showed that 
rearrangement of 7-ethylallyl phenyl ether (VII) gave 2-(a,7-dimethyl- 
allyl)phenol (VIII), whose structure was proved by ozonizalion to acet- 

och2Ch=chch*ch, oh 

j^^H(CHj)CH=K:!HCH, 


VII VIII 

V-Ethylallyl phenyl ether 2-(a, 7-Dimethylallyl)phenol 

OCH, 

^CH(CH,)COOH 

v 

X 


aldehyde and syntheds of the degradation product X ( 72 ). The forma- 
tion of VIII diows that the allyl group is attached by the S(or | 9 )-carbon 
atom rather than the 7-carbon atom. When the allylic isomer of VII, 
a-ethylall;sd phenyl ether (XI), was studied, the sole product ob^ned 


cyE*. 

0(!;hch=ch, 


XI 

o-Ethylallyl 
phenyl ether 


OH 

/V 3 HaCH==KlHC 3 H*CH, 

\/ 

XII 

2-(7-Ethylallyl)phenol 


OH 

|^CH(C^)CH=C!H, 


XIII 

2 -(a-Ethylallyl)phenol 


was 2-(7-ethylallyl)phenol (XII), whose structure was proved by ozoni- 
zalion to propionaldehyde. 

This work was confirmed and extended by Hurd and Pollack ( 57 ), 
who showed that 7-ethyhillyl phenyl ether (VII) yielded the normal 
product 2-(a-ethylaIlyl)phenol (XIII) in addition to the anomalous 



the claisbn bbabeangbment 


519 


product VIII. From a mixture of 90 per cent of VII and 10 per cent of 
its allylic isomer (XI), they obtained 56 per cent of the normal product 
(XIII) and 42 per cent of the anomalous product (VIII). 

The question has been carefully investigated by Lauer and coworkers 
in recent papers (75, 77), using substituted aJlyl ethers of ethyl 4-hydro3qr- 
benzoate; this series is particularly well suited for such studies, because the 
4-allyloxybenzoic acids are solids and the purity of the allylic isomers, 
such as XrV and XVII, can be assured by crystallization. Bearrangement 
of the 7-propylaJlyl ether (XIV) yielded the nonn^ product (XV) and the 
anomalous product (XVI), the latter predominating by a ratio of two to 


OCHjCHs^CHCaCHjCHs 


COOCiH, 

XIV 




OH 

CHCHiCHiCHi 


XVIII 


one; the a-propylallyl ether (XVII) gave only the normal product (XVni). 
The a-ethylallyl and y-etbylallyl ethers in this series gave ^ults similar 
to these (77) ; the former gave only the normal product and the latter gave 
both the normal and the anomalous products. 

It is noteworthy that in the three cases investigated orfy the y-sub- 
stituted allyl ethers give the anomalous product, which in the e^l senes 
is formed by attachment through the iCor )3)^b^, and m Ae propy 
series by attachment through the €(or ^)-carboxi. The flesubslatuted allyl 
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ethers, however, give only the normal product. The only exception to 
this is a, 7 -dimethylallyl 4-carbethoxyphenyl ether (XIX), which yields 


CH, 

oAhch=chch. 


COOCjHs 

XIX 

a, 7 -Dimethylallyl 
4-carbethosyphenyl ether 


OH 

/V-CHCH=CH* 

Ah,CHs 

wocja. 

XXI 


OH 



COOC2H5 


XX 


CBt=CHCH=CHCH, 

XXII 

1, 3-Pentadiene 


the e^ipected product XX, but a few per cent of XXI is also formed, be- 
cause formaldehyde is found in the ozonization product. The main 
product is 1 ,3-pentadiene (XXII), formed in 59 per cent yield by a cleavage 
of the carbon-oxygen link during rearrangement (77). 

This cleavage of allyl ethers, with formation of a diehe and a phenol, 
has been obs^ed frequently (^, 54, 59, 50), and the tendency evidently 
increases with increasing substitution on the allyl group. Comforth, 
Hughes, and lions (32) foimd that cyclohexenyl phenyl ether on heating 
gaere phenol and cydohexadiene in 50 to 60 per cent yield, with 5 per cent 
of the rearrangement product XXIV and 15 per cent of hexahydrodi- 
benzofuran formed from XXIV by ring closure. It would be of con- 
siderable interest to know if this reaction goes with inversion. 

H Hs Hi 


XXIII 

OyelohexeiQrl phenyl 
ether 




OH H H2 Ht 


H H,H, 


XXIV XXV 

H^cahydrodibenzofuran 
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Claisen reported (24, 30), without ^ving ^sp^imental details, that 
7 , 7 -diiaethylaIlyl phenyl ether (XXVI) on pyroly^ gave phenol and 
isoprene, but that when heated with sodium carbonate it gave rearrange- 

CB^ 

X3H==CH, 

OCH*CH=C(CH,), 1 \ 

CEt 


XXVI XXVII 

7 , 7 -Dimethylallyl phenyl ether a, ot-Dimetlorlallyl phenyl ether 

ment. The structure of the ether was shown by reduction to isoamyl 
phenyl ether, and statements in the literature (48, 50) attributing a study 
of a,a-dimethylallyl phenyl ether (XXVII) to Claisen in this coimection 
are erroneous. A more highly substituted aJlyl ether, a, oc, 7 , 7 -tetra- 
methylaUyl phenyl ether (XXVIII), was shown by Hurd and Cohen (50) 

pC(CH,)*CH=<!(CHi), 


XXVIII 

a, a, 7 , 7 -Tetramethylallyl phenyl ether 

to give only the cleavage reaction, 33 per cent of hexadi^e bdng obtained 
after 1 hr. at 160-170*C. 

The small amount of information available indicates that introduction 
of aUryl- groups in the a- or 7 -position of the allyl group increases the rate 
of rearrai^ement. Smith and coworkers ( 102 ) found that a-ethyl- 7 - 
methylallyl idienyl ether rearranged to the extent of 9.6 per cent m 24 hr. 
at 120 °C. Fom this it seems likdy that better yields would be obtained 
in general, if reaxrangments were carried out at temperatures well below 
200“C. 

The jS-methylallyl ethers are readily prepared from j3-methylallyl 
chloride and phenols by standard methods (10, 97), but th^ present few 
points of interest. .It has been found that j 8 -methylallyl 4-methyl{^enyl 
ether rearranges at practically the same rate as the unsubstituted allyl 
4-methylphmyl ether (69), and that the /3-metbyl group does not have the 
same complicating effect on tire reaction as the a- or r-methyl group. 

Allyl aryl ethers with halogens in the allyl group rearrange very poorly; 
V. Braun, Kuhn, and Weismantel (18) found that j 9 -bromoallyl phenyl ether 
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gave 30 per cent of its rearrangement product, 2-HOC«H4CH*CBr=CHs, 
after heating in decalin at 215“C. for 1.6 hr. i¥ty per cent ■was recovered 
unchanged and 20 per cent decomposed. Hurd and Webb (62) could not 
repeat this result,- obtaining only intractable phenolic resins. They did 
obtain 24 per cent of the rearrangement product from the corresponding 
chloro compoimd after heating for 2 hr. at 216-223“C. From the y- 
halogen ethers, such as CeH60CH2CH=CHCl, Hurd and Webb got no 
rearrangement product, but only decomposition and formation of phenol. 

0. RBAl tRAH TGEMEMT OF ALLYL ABYIi ETHEBS TO THE FABA-FOSmON 

If both ortho-positions of an allyl aryl ether are blocked, the allyl group 
migrates to the para-position on heating in the usual manner (25, passim). 
The number of examples of this type of reaction is not large (table 3), 
but the remrangement gives as good yields and goes as readily as the 
rearrangement to the ortho-position. Most of the compounds studied 
are derivatives of salicylic acid, with the other pomtion ortho to the 
hydroxyl group occupied either by a methyl group (o-cresotic add) or by 
a methoxyl group, but a few examples have two dkyl groups or two 
hydroxyl groups in the ortho-positions. 

As an example of the facility of para rearrangement may be quoted the 
case of allyl 2-carbomethoxy-6-methoxyphenyl ether (I), which gave the 
rearrangement product II in almost quantitative 3deld on refluxing under 


OC,H, OH OH 



C*H». CHiCH— CHi 

I n III 

Allyl 2-oarbomethoxy- Eugenol 

6-methoxyphenyl ether 

diminished pressure for 45 min. (b.p. 201-212®C.) (21, page 118). The 
product was eadly transformed, by hydrolysis and decarbosQrlalion, into 
eigenol (III). 

From the only pair which has been investigated quantitatively (107, 
69), allyl 2,6-dimetiiylphenyl ether (IV) and tdlyl 2,4-<hmethylphenyl 


OC,H, OCsHs 



CH, 

TV V 


AUyl 2,6-dimetiiylphenyl ether Allyl 2,4.dimet]^lphenyl ether 



. Ethers with unsubstituted aJlyl groups; R equals — See also the section on rearrangement 

with displacement in table 2 
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ether (V), it can be concluded that rearrangement to the para-position is 
not greatly different in rate from that to the ortho-position. The re- 
arrangement of IV actually takes place a little more rapidly (about three 
and a half times) than rearrangement of V, and the rearrangement product 
from IV can be isolated in yields exceeding 90 per cent after heating for 
7 hr. in sealed tubes at 172°C. 

Hearrangement to the para-position goes poorly with two allyl groups or 
with bromine atoms in the ortho-positions; aUyl 2,6-diallylphenyl ether 
gives a50 per cent yield of 2,4,6-tria]lylphenol on refluxing with diethyl- 
amline at 225-248®C. for a half-hour (21, page 96). Allyl 2,6-dibromo- 
phenyl ether (VI) was found by Hurd and Webb (62; c/. 96) to give a 
mixture of phaiols (VII and VIII), the latter the expected product and 


OCsHj OH OH 



VI VII VIII 

AJlyl 2,6-dibromo- 
phenyl ether 

the former a result of a displacement of the bromine by the allyl 
group. Allyl 2-bromo-6-methylphenyl ether also gives a poor yield of 
rearrang^ent product. 

If both of the ortho-positions and the para-position of an allyl phenyl 
ether are blocked by groups other than carboxyl or aldehyde, a complex 
decomposition reaction occurs on heating, but there is no migration of the 
allyl group to tiie meta-position. The carbo^^l or alddiyde group if 
present is eliminated as carbon monoxide or carbon dioxide (section E), 
but with ester groups instead of free carboxyl, complete decompo^tion 
results (26, pages 79, 90). Thus Claisen and Tietze (28) found that allyl 
2-propyl-4,6-dimethylphenyl ether (IX) yidded, on heating at 200-260“C. 


OCjHb 


CH* 

DC 


Allyl 2-propyl-4,6-dimethylphenyl 
ether 


OCJBU 



(CH*=CHCHi)* 


XI 

Diallyl 
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for 15 min., some of the corresponding phenol, a gas (thought to be allene), 
and diallyl (XI). Recent work by Hurd and Yarnall (64) on an analogous 
compound (X) confirmed the formation of the phenol and diallyl, but 
showed that the gas evolved was propene. 

Hurd and Webb (62) obtained a nooxture of phenolic and neutral products 
from allyl 2,4-dibromo-6-methylphenyl ether; allyl 2,4,6-tribromophenyl 
ether (XII) gave a 68 per cent yidd of the o-allylphenol (XIII) and a small 
amount of the corresponding dihydrobenzofuran (XIV). 

OCaHfi - OH 0— CHCa 

Br^C,Hs Br^(& 


Br Br 

XII XIII 

Allyl 2,4,6-tribromo- 
phenyl ether 


Br 
XIV 


A few exceptional cases are known in which there is some migration of 
the allyl group to l^e para-position when there is also an open ortho-posi- 
tion. The first instance was found by Staudinger, Krms, and Schilt (106), 
who rearranged Y, 7 -dimethylallyl 2-methoxyphenyl ether (XV) andfob- 
tained, on methylation and oxidation, a small amount of veratiic acid 


yCE, 

OCHsCH=C 

Ndh, 


OCH, 

j^OCH. 


XV 

7 ,r-Dimethylallyl 2-methoxyphenyl 
ether 


COOH 

XVI 

Veratric acid 


(XVI), knowing that at least part of the product was the result of para 
rearrangement. Kawai (65) found that allyl 2-hydro:QT)henyl ether 
(XVII) at 180-190'’C. gave a mixture of products resulting from orth^and 
para rearrangement, whose structxire was proved by methylationjand 


OC»Ht 



XVII 

Allyl 2-hydroxyphei^l 
ether 


OH 



xvm 


OH 



CbHs 

XIX 
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oxidation to the corresponding dimethoxybenzoic acids; the l,2,4-com> 
pound (XIX) is r^axded as a product of para rearrangement rather than 
meta, sdnce the latt^ has never been observed. Perkin and Trikojus (93) 
showed that XVIII and XIX are formed in the ratio of five to four. Baker, 
Penfold, and Simonsen (7) have reported recently that allyl 2,3-methyl- 
enediojgnphenyl ether (XiX) gives a mixture containing about 20 per cent 
of the para-isomer (KXl), whose structure was proved by methylation 


OCsHt 



XX 

Allyl 2,3-methylenedioxyphenyl ether 


OH 



GA 

XXI 


and oxidation to the substituted benzoic acid. It is noteworthy that each 
of these compounds giving the para and ortho rearrangement simultane- 
ously is a polyhydro^ compoimd; perhaps the greater reactivity of the 
aronoatic nucleus is the cause of the para migration. Other instances in 
which the migratii^ group goes to the para-potition instead of displacing 
a cfurbozyl or aldehyde group from the ortho-position are discussed in 
section E. 

Some information on the question of inversion of a substituted allyl 
group on migration to the para-position can be obtained from Staudinger's 
work, quoted above. The rearrangement product of XV must have been 
the one formed without inversion (XXII) ; the isomeric compound (XXIII) 
would not jddd veratric add (XVI) on methylation and oddation, since. 


OH 

QjOCH, 

aaiCH=c 


/OH, 


\:h, 


XXII 


oh 



XXIII 


as Smith and Prichard have shown (100), dde chains such as the one in 
XXm cannot be oxidized to carbo^qyl groups by permanganate. The 
possibility is not excluded that the product was a mixture of XXTT and 
XXin, but the podtive evidence shows that XXII was present. 
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More cjeajvcut evidence on this point was furnished by SpSth (104, 
103), by showing that imperatorin (XXIV) was changed in 90 per cent 



XXIV 

Imperatorin 


CHaCH=C 





AUoimperatorin 


yield on heating for a few minutes at 200°C. to alloimperatoiin (XXV); 
both substances yidded acetone on oxidation with chromic add, and 
therefore contained the 7,'y-dimethylallyl group, which had rearranged 
without inv^on. Mumm and M5ller (90) observed that rearrangement 
of dnnamyl 2-carbometho^-6-methylphenyl ether (XXVI) also took 
place without inversion; proof that the rearrangement product had the 

OCHaCH=CHC,H5 
OOCH, 


XXVI 

Qnnamyl 2-oarbometho:i7'^ 
methylphenyl ether 

sixucture XXVII was obtained by removal of the ester group by hydrolsrsis 
and decarboxylation, and oxidation of the resulting phmiol as the arylo^- 
acetic add derivative. The products were 3-methyi-4rhydro3grbfflraHC 
add, as tire aryloxyacetic add derivative (XXVni), and benaac add, 
showing tiiat iirere was a cmnamyl dde chain in XXVII. A diniiar result 
was obtained with the r-inethylallyl etirer of the same phenol; remrange- 
ment was not accompanied by inversion. 

Mumm and coworkers (89) studied a pair d isomeric ethers, 7-edryl- 
allyl 2^»rbomethoxy-6-methylphenyl ether (XXCX) and the correspwr^ig 
a-ethylaJlyl ether (XXX). It is probable that each of the ethers cputdried 
an appreciable amount d the Other, becau^ d the di&ndty d olr tairrir^ 



OH OCHiCOOH 



CHsCH=OHC,H, QOOH 

XXVII xxvm 
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0C3HaCH=-CHCH,CH, 

CH,j^^^(X)Ca 

XXIX 

Y-Ethylallyl 2-carbomethoEy- 
6-methyIphenyl ether 

OH 

CH/%30011 


CHjCH, 

oincH^CH* 

cHjf^cooca 


u 


XXX 

a-Ethylallyl 2-carbomethoxy- 
6>methylphenyl ether 


u 


CHsCH=CHCHsCHj 
XXXI 


the isoiaeric l-chloro-2-pentene and 3-chloro-l-pentene pure (67, 77), but 
the two ethers differed euou^ in thdr chemical behavior to show that 
they were actually different compounds. Both on heating in diethylani- 
line gave the same product XXXI (R equals CHs), together with appreci- 
able amounts of o-cresotic ester (XXXII), the identity of the two samples 
of rearrangement product obtained beii^ proved by a mixed melting point 
of the acid (XXXI; E, equals H) obtained from them by hydroly^. 

OH OCH, 

CH/%300CH, 


XXXII xxxin 

Methyl o-cresotate 

The cf-ethylallyl ether (XXX) rearranged during hydrolysis with alcoholic 
alkali to XXXI (R equals H), but the isomeric ether (KXXIX) did not 
rearrange under the same conations; both ethers wae cleaved to o-cresotiic 
ester by one mole of hydrog^ with palladium catalyst. 

The structure of the rearrangement product (XXXI) was proved by 
decarbo^lation, methylation, and ozonization to the aldehyde XXXHI, 
which was analyzed as the semicarbazone. From this work it appears 
that inversion takes place in the p^ rearrangement when an a-eubstituted 
aUyl ether is rearranged, and that there is no evidence for the anomalous 
rearrangement in the para series. The difference in ease of rearrangement 




CHiCHO 
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of the two ethers is striking; the a-substituted ether rearranges on standing 
for some time, as well as in alcoholic alkali, — conditions under which the 
Y-substituted ether is unaffected. 


E. BEABBANGEMEET OF ALLTL ABTL ETHEBS INVOEVINO THE DISFLACEMENT 
OF CABBOXTL AND ALDEHYDE GBOtTPS 


One aspect of the rearrai^ment which has not been studied since 
Claisen’s pioneer work is the reaction in which a carboxyl or aldehyde group 
in the ortho- or para-position is displaced from the molecule by the migrat- 
ing allyl group. The allyl ether of o-cresotic acid (I) is an example; it 
starts to evolve carbon dioxide at 100°C., and gives a mixture, of 80 per 
cent of the displacement product (II) and 20 per cent of the parar-product 


OCaHs 

CHar^COOH 


V 



OH 

CHa/NcOOH 




CaHa 

III 


Allyl ether of o-cresotic 
add 


(III) (25, page 83). If the para-podtion is blocked, the reaction gives 
practically quantitative yields; with the allyl ether of diallylsalieylic add 

(IV) (25, page 79) evolution of carbon dioxide starts at lOO^C. and a 


OCyEa 



00, Ha 

CW^CaHa 




COOH 

V 


OCaHa 



Allyl ether of diaUyl- 
salicylio add 


Allyl 2,6-dimetho3^- 
4-carbomethoxyphenyl 
ether 


quantitative 3deld of 2,4,6-triallylphenol is obtained. The reaction goes 
just as well with the dichloro compound corresponding to IV. 

A carboayl group in the para-position is eliminated with equal facility. 
Compound V (25, page 90) evolves 99 per cent of the theoretical amount 
of carbon dioxide, the evolution starting at 150*0. A particularly intraest- 
ing example is allyl 2,6-dimethoxy-4-carbometho^q>henyl etiiffir (VI) (44), 
which is hydrolyzed and rearranged with, loss of the carboEyl group by 
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refluxing with aqueous for 10 hr.; the product, 2,6-<iimethoxy-4- 
allylphenol, u obtained in 95 per cent sddd. 

The displacement reaction with aldehyde derivatives is entirely anal- 
ogous, although a slightly higher temperature seems to be necessary to 

TABLE 4 

Rearrangement involving elements other than carbon and oxygen 


Allyl N^-phenylbenzimino ether. 

IV-Allylbenzanilide 

IBEFXB- 

XMCBB 

(90) 

ce-Methylallyl A^-phenylbenzi- 



mino ether 

,N’-( 7 -Methylallyl)benzanilide 

(90) 

7 -Methylallyl ^-phenylbenzi- 
mino ether 

A^-(a-Methylallyl)benzamlide 

(90) 

2-Allyloxyquinoline 

J^-Allyl-2-quinolone 

(109) 

2, 6-Diallyloxy-7-jiiethylpu- 
rine 

1 , 3-Diallyl-7-methylxanthine 

(16) 

2 , 6-Di- (a , 7 -ethy Imethylallyl- 
oxy)-7-inethylpurine 

1 , 3-Di-{«, y-inethylethylallyl)-7-methyl- 

(16) 

Allyl phenyl sulfide 

xanthine 

1,2-C,H4(SH) (CHaCH— CH j) 

(51) 

Allyl 4-methylphenyl sulfide. . . . 

l,2,4-C6H,(SH)(CHaCH«CHa)(CHa) 
Allyl isothiocyanate 

(61) 

Allyl thiocyanate 

(17) 

Cinnamyl thiocyanate 

Cinnamyl isothiocyanate 

(12) 

Y-Methylallyl thiocyanate 

a-Methylallyl isothiocyanate 

(90a) 

a-Ethylallyl thiocyanate 

7 -Ethylallyl isothiocyanate (?) 

(goa) 

7 -Ethylallyl thiocyanate 

a-Ethylallyl isothiocyanate (7) 

(90a) 

Ethyl (l-methylpropenyl)allyl- 



cyanoaoetate 

H,C CN 

(31) 


OHiCHO-CCOOCiH, 

I 


evolve carbon monoxide. The allyl ether of allylsalicylaldehyde (VII) 
starts to give oS carbon monoxide at ISO^C. and gives 72 per cent of the 


OOHt 

CjHb/VjHO 


VII 

Allyl ether of 
a^yls^tgrlaldehyde 


OH 



OH 



theoretical amount, yielding a mixture of the displacement product (VIII) 
and the para product (IX) in the ratio of three to one (25, page 102). 
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The allyl ether of 3,5HliaJlyl-4-hydroxybenzaldehyde (X) starts to lose 
carbon monoxide at 170®C., giving 74 per cent of the theoretical amount. 


OCsHb 



Allyl ether of 3,5^aIlyl-4-hydroxybenzaldehyde 
and gives a 51 per cent yield of 2,4,6-tiiaUylphenol (25, p^ 108). 

P. BEAEBANQEMBNT OP COKPOTTKDS STETJCTURAliLT ANALOGOUS TO OM 

ALLTL ABYL ETHEBS 

Several classes of allyl ethers are known in which the grouping 
0==0 — C — 0 — C=N is involved. The first example was reported by 
Tschitschibabin and Jeletzsky (109), who found that 2-allyloxyquinoline 
(I) rearranged to Ar-allyl-2-quinolone (II) on distillation at 325®C. Berg- 



I II m 

2-Allyloxyquinoline J\r-Allyl-2-quinolone 2,fr-Allyloxy-7-methylpurine 


mann and Hdmhold (16) reported a amilar migration from oxygen to 
nitrogen with 2,6-allyloxy-7-methylpurine (III), and, from a study of the 
o!-meth.yl-oHethylallyl derivative, concluded that rearran gement , was 
accomiKuiied by inversion. 

Mumm and MdUer (90) showed that allyl iV-phenylbenabotiino ether (TV) 
rearranged quantitativdy in 3 hr. at 210-215®C- to iV-allylbenzanilide (V). 
Rearrangement of the 7 -methyl-substituted ether (VI) gave inverdon, 


C,HjO=NCJE5 

icja* 

IV 

Allyl iV-phffliyibeuriinino ether 


Ca*CONCeN, 



iV-ABylbKiaaBUide 
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C.H6C=NC«Ht CeH5CONC«H5 

icHiCH==CHCH8 i)H(CH»)CH=CHa 

VI VII 

V-(a-Meth3rlallyl)benzaDilide 

yielding V-(ce-methylaUyl)ben2!anilide (VII), whose structure was proved 
by catal3rtic hydrogenation and hydrolysis to seo-butylanUine. The 
a-methylallyl ether, isomeric with VI, also gave inversion, sdelding iV-(7- 
methylallyl)benzanilide. The system C=C — C — 0 — C=N is thus similar 
to that in the allyl aryl ethers in its behavior. 

Hurd and Greengard (51) have shown that allyl phenyl sulfides, con- 
taining the ^stem C=C— C — S — C=C, give a rearrangement similar 
to that of their oxygen analogs, although it goes much more slowly. Thus, 
allyl 4-methylphenyl sulfide (VIII) on refluxing for 4 hr. at 228-264°C. 
gives a 27 per cent 3rield of the rearrangement product IX, and 45 per cent 

SCHaCH==CH, SH 

iQCaHt 

CH, CSi 

VIII IX 

Allyl 4-methylphenyl sulfide 

of the starting material is recovered imchanged. The analogous oxygen 
ether rearranges much more rapidly (qf. page 15). 

Hie S3rstem 0==C — C — S — (^N is contained in allyl thiocyanate, which, 
as is well known, rearranges very rapidly on distillation to allyl isothiocy- 
anate, CH^==CHCHsNCS (17). Even methyl thiocyanate, CHsSCN, re- 
acts similarly on heatup at 180®C. (47), so that the system R — S — CfeN 
is very much more mobile than R — 0— C==C. Bergmann (12) has ^own 
that in the rearrangement of cinnamyl thiocyanate, C6HsCH=CHCH:SCN, 
there is no inveraon, the product being CjHjCHMDHCHsNCS. Mumm 
and Richter (90a) have found, however, that 7-methylallyl thiocyanate, 
CH*CH=CHCH^CN, rearranges with inversion to give a-methylallyl 
isothiocyanate, CHi=CHCH(CH,)NCS. 

A very interesting rearrangement involving the carbon system 
* 

0=C— C — C — C=C (the carbon corresponding to the ether oxygen is 
starred) has been reported recently by Cope and Hardy (31). Ethyl 
(l-methylpropenyl)allylcyanoaeetate (X), when heated for 4 hr. at 
150-160*0. or for 20 min. at 260®C., rearranged completely to XI, the 
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CH 8 CH=C — C(CN)C00C2H5 CHjCHC(CH8)=C(CN)C00CjHs 

ins iH2CH=<!Ha iaCH^CHs 

X XI 

Ethyl ( 1 -methylpropenyl)- 
allylcyanoacetate 


reaction involving a shift of the allyl group to the 7 -carbon in the chain, 
and a shift of the double bond to a position of conjugation vdth the cyano 
and carbethoxyl groups. The esters with saturated alkyl groups instead 
of the allyl group do not rearrange. 

In ail of the other rearrangements of the Claisen type, the key atom is 
either oxygen or sulfur, which have unshared pairs of electrons to partic- 
ipate in or initiate electronic shifts ; in this case the carbon has no unshared 
pairs and the rearrangement must be ascribed to the tendency of X to go 
into the much more stable conjugated form (XI). 

The aUylanilines, which contain the system 0=C — C — — C=C, have 
been stuped by Carnahan and Hurd (20). iV-AUylaniline giv^ a small 
amount of aniline when heated at 275‘’C. for 12 hr., and at higher temperar 
tures propene is evolved; iV,iV’-diallylaniline ^ves propene, aniline, and 
i\r-allylaniline. iV-Allylacetanilide and iV-aJlyltosylanilide give only com- 
plex decomposition products. 

The grouping N^C — C — 0 — C==C is present in phenoxyacetonitriie 
(XII), but the compound is stable toward long refluxing; the corresponding 


OCEtCN 


O 

li , 

OCEtCCHi 


XII XIII 

Phenoxyacetonitriie 

dmvative of p-cresol is less stable but no rearrangement product is isolated 
(94) . p-Cresoxyacetone, whidi contains the system 0=C — 0 — 0 — 0=C, 
gives no rearrangement product on refluxing (106). . 

From the foregoing work and from section A it appears that the system 
present in the allyl ethers, 0=0 — C — O — C=0, can be altered by sub- 
stitution of certain other elements in the — Q — 0=0 part, but tiiafe aj^ 
chai^ in the skdeton of the allyl part, either by subsfltuticm of othw 
elements or by changmg the podtion of the double bond, makes rt^ozai^e- 
ment impossible. 
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III. AJPPLICA.TIONS OF THE ClaISEN EeARRANGEMENT 


A. APPLICATIONS IN SYNTHETIC WORK 


The Claisen rearrangement is a useful reaction in synthetic work, be- 
cause it provides an easy way of introducing allyl groups into a wide variety 
of phenolic compounds. Many naturally occurring aUylphenols have been 
synthesized by this method, such as elemicin (I) (83, 44), eugenol (II) 
(21, page 118), croweacin (III) (7), and dill apiole (IV) (4). Fieser, 


OH 

CHaO^OCHs 

\/ 

cja* 

I 

Elemicin 


OH 

/^CH, 

\y 

CaHs 

II 

Eugenol 


OCH, 



Croweacin 


0-CH* 

CaHal^CHs 

OCH, 

IV 

Dill apiole 


Campb^, and Fry have used the Chusen rearrai^ement recently (37) to 
obtain diallylnaphthoquinones as model substances for vitamin E studies. 
The substituted allyl side chains occurring in natural compounds, such as 
famesyl and phytyl, cannot be introduced by the Claisen rearrangement, 
because inversion gives a branched chain.^ 

The allylphenols are also useful as intermediates, since they can be 
transformed into several other classes of compounds. The allyl side 
chain can, of course, be reduced catalytically, givir^ propylphenols; 
Bartz, Miller, and Adams (10) prepared a series of isobutylphenols for 
bactericidal tests by the rearrangement and reduction of substituted 
/S^methylallyl phenyl ethers. 


^ Very recently Maldno and Morii (111) have reported in a preliminary note that 
the difamesyl ether of 1,4-naphthohydroquinone rearranges to ^ve 2,3-difameByl- 
1,4-naphthohydroquinone (isolated as the diacetate). The structure of the re- 
arrangement product was not proved, so that this work cannot be considered to 
conflict with the statement on pt^e 518 that substituted allyl ethers after r^rrange- 
ment are never attached by the same carbon which was attached to oxygen. 
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On heating with concentrated aqueous alkali, the allyl group in allyl- 
phenols is isomerized to a propenyl group; thus 2 -methoxy- 6 -allylphenol 
(V) is isomerized to the propenyl compound (VI) by heating one part of 


/Noh 


CH=CHCH, 

/\)H 




bCH* 

V 




bCE 
VI 


2 -Methoxy- 6 -allylphenol 2“Methoxy-6-propenylphenol 


V witii two parts of powdered potassium hydroxide and one of water for 
1 hr, at 170°C. (25, page 52). This isomerization of the allyl group never 
seems to take place under the conditions of the rearrangement of the allyl 
aryl ethers. Propenyl compounds are oxidized by mercuric acetate, and 
allyl compounds are not, hence this is a useful test reagent for distinguish- 
ing allyl- and propenyl-phenols (9); 7 , 7 -dialkylallyl compounds, however, 
are oxidized by it (24), so that it must be applied with caution in such 
cases. 

The allylphenols can be oxidized, and in certain cases this is a useful 
method of preparing substituted phenylacetaldehydes (44, 98, 85) or 
phenylacetic acids. For example, homogentisic acid (IX), otherwise 
obtained only with great difficulty, can be made from hydroquinone in 
26 per cent yield by rearrangement of the benzoate of hydroquinone mono- 
allyl ether (VII), followed by ozonolysis (as the dibenzoate, VIII) and 
hydrolysis to IX (43). The propenylphenols obtained by isomerization 

OCjas OCOCiB, OH 

')CHsCH=»CHs |/\CH,C00H 


6coc.Hs 6coc,H5 oh 

VII VIII IX 

Benzoate of hydroquinone Homogentisic add 

allyl ether 

can also be ozonn^ to hydroxyaldehydes (67, 85), but these can usually 
be obtained more readily by other metiiods. 

When heated with add catalysts, such as pyridine hydrocHloiide (25, 
page 26), hydrobromic acid-acetic add, or formic acid (30), o-dlylphenols 
are isomerized to 2 -methyldihydrobenzofurans (X -* XI). By treating 
the acetate of the allylphenol with hydrogen brtHuide and a pemxide, the 
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OH 

|^CHsCH=CHs 

\/ 

X 

o-AUylphenol 


O-CHCH 3 

I^CHs 

XI 



isomeric chroman (XII) can be obtained (53). The dihydrobenzofuran 
is frequently foimd as a by-product in the Claisen rearrangement and is 
evidently formed by isomerization of the o-allylphenol by heat (10); 
the tendency for ring closure is increased by alkyl groups on the double 
bond. Thus Bartz, Miller, and Adams (10) found that 2-(j8-methyl- 
allyl)phenol (XIII) isomerized to the dihydrobenzofuran (XIV) on heating 
or even on standing vrith anhydrous magnesium sulfate in petroleum ether 
solution. 


OH 


(^CH*C==CH8 


U 


CH* 


XIII 

2-03-Methylallyl)phenol 


CH, 

0— C— CHs 
(^CH* 

XIV 


CHsHgX 


0— OH 

^6h2 

\/ 


XV 


Treatment of o-allylphenols with mercuric salts gives derivatives of 
mercuridihydrobenzofurans of type XV (86). Bromination of o-allyl- 
phenols gives a mixture of bromomethyldihydrobenzofurans (1). 


B. DETEBMJNATION OF BOND STBUCTCTBES IN ABOMATIC COMPOUNDS 


It is obvious (section A) that the ether oxygen of an allyl ether must be 
attached to a double bond for rearrangement to take place. This fact has 
been utilized by Keser and coworkers to determine the bond structures of 
aromatic compounds. 

As an example naphthalene may be cited (3$). Two Kekul6 structures 
may be written for naphthalene and its derivatives, I and II; if it is possible 
to obtain reaction products derived from structure II, a substituted allyl 
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naphthyl ether such as III should rearrange by means of the 2,3-double 
bond, to give l,3-diaIlyl-2-naphthol. Actually, as Claisen (23) showed, 
III is unchanged by long heating, and hence must be unable to react as 
structure 11. Similarly, 2,6-diallyloxynaphthalene (IV) rearranges to V 
in 85 per cent yidd on heating to 190°C. for a few minutes, but the diether 




coIbO! 




IV 



CsHfi 


CjHbOIs 


y 


2 ,6-I)iaJlyloxynaphthalene 


(VI) from V does not rearrange in 5 min. at 200°C., and decomposes on 
longer heating, ^ving no alkali-soluble material (38). These facts indicate 
that naphthalene derivatives react as if they had double bonds in the 1,2- 
and 5, ^positions, and no double bonds in the 2,3- and 6,7-positions; 
the reactions show that the symmetrical formula (I) is satisfactory for 
expressing the chemical behavior of naphthalene compounds. is 

usually expressed by saying that the double bonds are fixed. 

It would be interesting to see whether the compound VII would give the 
displacement reaction to form l,3-diallyl-2-naphthol, since the displace- 


CbHb 

/VNoCbHb 




OOH 


VII 


ment reaction goes at much lower temperatures than the ordinary re- 
arrangement. 

Several aromatic hydrocarbons have been studied by the Claisen 
rearrangement to determine the bond structures, among them naphthalene 
(38, 13), anthracene (39), phenanthrene (40), hydrindene (79), fluorene 
(78), and other compounds, such as chromone (96), fiavone (96), and 
fluorenone (14). 

An interesting application of the Claisen rearrangement showing the 
effect of chelation on the fixation of bonds in benzene derivatives has been 
devdoped by Baker and Lothian (5,6). Several lines of evidence indicate 
that a chdate ring, such as that in Vm, contains a double bond; tiiat tiiis 
arrangmnent of the bonds actually determines the reactions of the com- 
pound is shown by the formation of IX in 85 per cent yidd by reanangu^ 
Vin at 210®C. If instead of VIII, its methyl ether X, which cannot form 
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OCsHs 
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VIII 


OH 
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IX 


OCaH* OH 
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CH* 

CH, 

X 

XI 


a chelate rii^, is rearranged, the allyl group migrates to the other free 
ortho-position, giving XI. The latter is the usual position for substitution 
in resorcinol compounds, but the stability of the chdate ring in VIII is 
such that fixation of the double bonds occurs, and the tendency for forma- 
tion of the symmetrical product XI is overcome. 

Similar reactions are observed with compounds analogous to VIII and 
IX, but having aldehyde and propionyl groups instead of acetyl groups. 


IV. The Meceanism of the Eeabbangement 


A. MECHANISM OF THE BEABRANOEMENT TO THE OBTHO-POSITION 

In addition to the facts mentioned so far, any mechanism for the re- 
arrangement must be in harmony with the kinetics of the reaction. Kincaid 
and Tarbell (70), in a study of the rearrangement of allyl 4-methylphenyl 
ether, found that the reaction was strictly first order over a fivefold change 
of concentration in diphenyl ether solution, and that the initial rate in the 
pure liquid was the same as the rate in solution. The rate of reaction was 
not appreciably affected by adding 10 per cent of dimethylaniline or 1 per 
cent of acetic acid, and therefore the rearrangement does not go by a 
mechanism which requires catalysis by acids or bases. These results 
support the conclusion of Hurd and Schmerling (59), from experiments on 
mixtures, that the rearrangement is intramolecidar. 

In the paper reporting the first instance of inversion, Claisen and Tietze 
(29) suggested the first mechanism for the rearrangement. Their idea 
was that the onsarbon atom of the allyl group came into close contact with 
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OH 



the ortho-carbon atom of the nucleus (I) ; the carbon-oxygen bond broke, 
the aromatic nucleus assumed the o-quinonoid form (H), and simultane- 
ously the allyl group attached itself to the nucleus by the free bond, the 
double bond in the allyl group shifting. These processes, all occurrii^ 
practically simultaneoudy, gave III, which immediatdy enolized to 
give IV. 

This mechanism is primarily a description of the rearrangement, and is 
a satisfactory picture. Later writers have restated Claisen’s description 
in electronic terms (90, 89, 33), the clearest account being given by Hurd 
and Pollack (57). According to them, the system C=C — C — 0 — C==C 
goes through the changes indicated below; the carbon-oxygen linlr is 



+0/ Ncj/ 


V VI vn 

broken, with the pair of electrons going to the osygen, while the aUyl group 
undergoes a redistribution of electrons and attaches itself to the nucleus 
by the r-carbon atom. The last step is the enolization to the phenolic 
form. It would be expected that there would be considerable resonance 
energy in the activated complex VI, which would reduce the energy nec- 
essary to break the carbon-o}qs''gen bond and therefore the activation 
energy necessary for the reaction. 

This cylic mechanism agrees with most of the facts known about the 
simple rearrar^ement. The jSrst-order reaction Nineties are consistent 
with the idea that the rate-determining step is the change of VI to VH, 
and the subsequent enolization of VII must take pUu^ very rapitfly, sinee 
the rate of rearrar^ement is not affected by dimethylanilme. Tl» in- 
variable occurrence of inversion in the ortho learranganent is a neoessaiy 
rMult of the cyclic form the activated complex. The dieplaoemei^ trf 
carbon dioxide by the allyl group in allyl 2-carboxyph(Hiyi dhets (pagb'^i^ 
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can be correlated with the ease of decarboxylation of j3-keto acids by assum- 
ing the existence during rearrangement of a j 8 -keto acid analogous to III, 
which undergoes decarboxylation immediately ( 21 , page 74). This idea 
is not very satisfactory for explaining the displacement of carbon monoxide 
from allyloxy aldehydes, however, since jS-keto aldehydes do not lose 
carbon monoxide readily (27). 

The failure of the allylanilines to rearrange may be due to the fact that 
nitrogen has a smaller tendency than oxygen to become a negative ion, and 
the process of partial iqnization cannot take place. On this basis one would 
expect that allyl phenyl sulfides should rearrange more rapidly than the 
oxygen compounds, since sulfur is more negative than oxygen, but it is 
reported that they rearrange much more slowly (61). The failure of 
propaj^l ethers, such as CeHsOCHaC^CH, to rearrange may be caused 
by the fact that the — C — C^C group must be linear and hence 
cannot form the cyclic activated complex. The same would be true of 
CeHsOCHsCfeN. 

The mechanism given above fails to explain the course of the anomalous 
rearrangement in which the migrating group is attached by some carbon 
other than the 7 -carbon. Hurd and Pollack (57) suggested that the 
7 -ethylaIlyl phenyl ether is probably a mixture of cis- and trons-forms, and 
that in the as-form the 3-carbon is near the ortho-carbon; the activated 
complex would then be a seven-membered ring (VIII), which by a shift 
of two hydrogens and formation of a carbon-carbon bond would give the 
observed product. This extension of the cyclic mechanism has two draw- 
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backs: (1) If extended to the 7 -propylallyl ethers, it requires an eight- 
membered ring analogous to VIII in the activated complex, which is 
sterically very unlikdy. The formation of such a complex would take 
place so infrequently in comparison to the formation of the normal complex 
of type VI that only the normal product would be found, instead of a 
mixture. (£) A complex of type VIII would lack the stabilization by 
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resonance which is present in VI, and the activation enei^ for a reaction 
going through VlII would be much greater than for one going throu^ VI. 

The anomalous rearrangement can be explained formally by an activated 
complex (IX) in which the j 8 -carbon atom is concerned in the bond forma- 
tion with the ortho-carbon. This structure also would have less resonance 
energy than VI and would require a shift of two hydrogens and of the 
double bond to give the products obtained. 

The anomalous rearrangement has been attributed to a dissociation 
process in which the substituted allyl group splits off as an ion or radical, 
which might then undergo the following processes (89): 

6HsCH=CHCH,CEIaCH, — »■ CHf-CHCHCEtOHjOH, 

X XI 

11 Shift 

liofH 

CH,CH=CHCHCH!iCHa-< — » CHjCHCH=CHCH 2 CH, 

+ 

XII XIII 

The observed products are derived from XI and XIII, and no products 
are found corresponding to the other resonance forms, X and XII. 

In the migration of the ethylallyl group to the para-position, only the 
compound derived from X is formed from both <»Gthylallyl and the y- 
ethylallyl ethers (page 527). The para rearrangement certainly involves a 
dissociation (section B), and if the ortho rearrangement went by a. dis- 
sociation process also, the ethylallyl group should isomerize to the stone 
structure in both cases while in the ion or radical form. That the ethyl- 
allyl group gives products derived from XI and XIII in the ortho rearrai^e- 
ment, and from X in the para, is a serious objection against the (hssooiation 
mecbnnism for the ortho rearrangement. 

It is certainly significant, in considerii^ the mechaninn of the 
anomalous rearrangement, that ot-substituted aUyl ethers, such as ArOCH- 
(CHsCH 8 )CH===CHs give only the normal product. This may be due to 
the fact that the carbon-oxygen bond in these ethers is much more readily 
broken than that in the 7 -substituted compounds. It is well known that 
secondary ethers are much more readily cleaved by adds than primary 
ethers (82), and the o-substituent in the allyl eth^ may favor tlw forma- 
tion of the activated complex VI by promotii^ dection displacem^ts 
toward the osygen. The rearrangement would thus take place at a k>wer 
temperature than that of the r-sutetituted ethers, and the cmsoidHsat^ 
changes which result in the anomalous products in the latter case wouhi<be 
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avoided. The evidence, which is scanty, indicates that o-substituted allyl 
ethers do rearrange more rapidly than the 7-substituted compounds 
(102, 89). 

The oxonium mechanism of Niederl and Storch (92; (f. 57), which was 
suggested to explain the rearrangements of alkyl phenyl ethers by acidic 
catalsrsts and extended to include the Clalsen rearrangement, postulates 
formation of an oxonium salt (XTV). This salt then rearranges throu^ an 



XIV 


. 1 ^ 

XV 


OCeH* 


o-quinonoid structure (XV), which breaks up to give the o-allylphenol and 
one molecule of ether. Hurd and Pollack (57) have pointed out two serious 
arguments against this theory: it does not explain inversion, and it predicts 
the formation of some allyl 2-allylphenyl ether by decomposition of XV 
to yidd tins product and phenol. This is not observed. The mechanism 
would also require second-order kinellcs, which are not found, and the 
addition of a base like dimethylaniline to the reaction mixture should stop 
rearrangement completdy, since the allyl phenyl ether would form an 
anunonium salt with the dimethylaniline in preference to an oxonium salt 
with the vesy weakly basic ether. Actually, the rate is unaffected by 
adding as much as 10 per cent of dimethylaniline. 

From this discussion, it is evident' that no single scheme is compatible 
with all of the facts known about tire rearrangement to the ortho-position; 
tire cyclic mechanism is the most satisfactory, but is reconciled with 
difficulty with the anomalous rearrangement. The dissociation mechanism 
is entirdy unsatisfactory. 

B. MECBANISU OE THE BEABBANOEMENT TO THE FABA-POSITION 

The kinetics of the rearrangement to the para-position are very similar 
to those for the ortho-position (107); the reaction is first order both in 
solution and in the pure liquid, and the rate is not affiected markedly by 
dimetiiylaniline or acetic acid, althou^ the para rearrangement must 
involve a dissociation of the allyl group, dther as an ion or radical, followed 
by a substitution reaction in the para-podtion. This follows both from 
consideration of the spatial factors and from the fact that inversion in the 
para rearrangement is the exception. Inspection of models shows that 
the formation of a cylic intmaediate is very improbable, because the dis- 
tances are too great and because of the distortion of the bond angles of the 
atoms which would be required (107). 
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Mumm’s work on the para rearrangement of a- and 7 -substituted allyl 
ethers (page 527) is further strong support for the idea that para rearrange- 
ment involves dissociation. The a-ethylallyl group 

CsHs 

in— CH=CH» 

_ + 

after dissociation isomerizes to the form 


|^CsH6CH==CHCH,J 


before attaching itself to the para-position; the y-ethylallyl group, being 
already in this form, which is evidently the more stable of tire two, gives 
the same rearrangement product. Tire fact that the two isomeric ethers 
^ve the same product is evidence that they pass throu^ a common in- 
termediate state. 

The allyl group obviously may dissociate as a positive ion or as a free 
radical; serious objections can be raised to both. Against the ionic inter- 
mediate is the observation of Mumm (89) that rearrangement can take 
place on heating in alcoholic alkali; if a positive allyl ion were present, it 
should combine with an hydroxyl ion to give allyl alcohol. 

If radicals were the intermediate stage, one would expect that they would 
react with the solvent or dimerize to an appreciable extent, so that lower 
yields of rearrangement product would be obtidned. Thus Hickinbottom 
(45) finds that benzyl phenyl ether heated in quinoline at 250'’C. gives 
l^nzylquinolines, hydroxyphenylquinolines, and toluene, which indicates 
that dissociation of the ether into radicals occurs. There is no evidence 
for the formation of similar products from the Claisen rearrangement. 

Hurd and Pollack (57) have suggested that rearrangemoit to the para- 
position goes by two steps, — ^first a shift of the allyl group with mver^n 
to the ortho-position, as described for the ortho rearrangement, followed 
by another ^ift with invertion to the pararposition. The two invasions 
would give the result of no inversion, which is contrary to the results of 
Mumm m«ttioned above. It seems likely, however, that, as this mech- 
anism su^ests, the dissodated allyl group, whether ion or radical,'does not 
get out of the sphere of influence of the other fragment and that recomlnna- 
tion of the two takes place more rapidly than other p(»sible reactions. 

It is dear that no suigle mechanism can explain all of the facts observed 
in the rearrangement of allyl ethers, and that there are ma^ phases the 
process that are imperfectly understood. 

The author is indebted to I>r. J. F. iOncud and Jhs. T. L. Cain^ for 
many hdpful discussions and si^estions. ? -j- >' . t 



5U 


D, STANLEY TAEBBLL 


REFERENCES* 

(1) Adahs and Rindfusz: J. Am. Chem. Soc. 41, 648 (1919). 

(2) Y. A WEBS AND Bobsohe: Ber. 48B, 1716 (1915). 

(3) V. Auwebs and Wittig: J. prakt. Chem. [2] 108, 99 (1924). 

(4) Bakeb, Jttkes, and Sitbbahmanyam: J. Chem. Soc. 1934, 1681* 

(5) Bakeb and Lothian: J. Chem. Soc. 1935, 628. 

(6) Bakeb and Lothian: J. Chem. Soc. 1936, 274. 

(7) Bakeb, Fenfold, and Simonsen: J. Chem. Soc. 1939, 439. 

(8) Bakeb and Savage: J. Chem. Soc. 1938, 1602. 

(9) Balbiano: Ber. 48B, 394 (1915). 

(10) Babtz, Milleb, and Adams: J. Am. Chem. Soc. 57, 371 (1935). 

(11) Behagel and Fbeiensehneb: Ber. 67B, 1368 (1934). 

(12) Bebgmann: J. Chem. Soc. 1935, 1361. 

(13) Bebgmann and Beblin: J. Org. Chem. 3, 246 (1938). 

(14) Bebgmann and Beblin: J. Am, Chem, Soc. 62, 316 (1940), 

(15) Bebgmann and Cobte: J. Chem. Soc. 1935, 1363. 

(16) Bebgmann and Heimhold: J. Chem. Soc. 1935, 1365. 

(17) Billbteb: Ber. 8B, 462 (1875). 

(18) Y. Bbatjn, Kuhn, and Wbismantbl: Ann. 449, 264 (1926). 

(19) Y. Bbaun and Schibmacheb: Ber. 56B, 538 (1923). 

(20) Cabnahan and Hubd: J. Am. Chem. Soc. 52, 4586 (1930). 

(21) Claisen: Ann. 418, 69 (1918). 

(22) Claisen: Beilstein, Supplementary Volume III/IV, p. 256. 

(23) Claisen: Ber, 46B, 3157 (1912). 

(24) Claisen: J. prakt. Chem. [2] 105, 65 (1922). 

(25) Claisen and Eisleb: Ann. 401, 21 (1913). 

(26) Claisen, Kbemebs, Roth, and Tietze: Ann. 442, 210 (1925). 

(27) Claisen and Meyebowitz: Ber. 22B, 3273 (1889). 

(28) Claisen and Tietze: Ann. 449, 81 (1926). 

(29) Claisen and Tietze: Ber. 58B, 275 (1925). 

(30) Claisen and Tietze: Ber. 69B, 2344 (1926). 

(31) Cope and Habdy: J. Am. Chem. Soc. 62, 441 (1940). 

(32) Cobnfobth, Hughes, and Lions: J, Proc. Royal Soc. N. S. Wales 71, 329 

(1938); Chem. Abstracts S3, 148 (1939). 

(33) Eistebt: Tautomerie und Mesomerie, p. 97. Enke, Stuttgart (1938). 

(34) Enke: Ann. 256, 205 (1889). 

(35) Fieseb: J. Am, Chem. Soc. 48, 3201 (1926). 

(36) Fieseb: J. Am. Chem. Soc. 49, 857 (1927). 

(37) Fieseb, Campbell, and Fby: J. Am. Chem. Soc. 61, 2206 (1939). 

(38) Fieseb and Lothbop: J. Am. Chem. Soc. 57, 1459 (1935). 

(39) Fieseb and Lothbop: J. Am. Chem. Soc. 68, 749 (1936). 

(40) Fieseb and Young: J. Am. Chem. Soc. 53, 4120 (1931). 

(41) Gilman and Kibby: J. Am. Chem. Soc. 48, 2190 (1926). 

* The topic of the Claisen rearrangement has been summarized by Hurd on pages 
214^225 of The Pyrolysis of Carbon Compounds (The Chemical Catalog Company, 
Inc., New York (1929)). A brief resum4 by Watson has. appeared recently in the 
Annual Reports of the Chemical Society for 1939, pages 205-7. 

Because of . the unusual length of two of Claisen’s papers (21, 25), they are quoted 
with the page number of the reference following the reference number. 


THE CLAISEK BEARBANGEMENT 


545 


(42) Gilman and Van Ess: J. Am. Chem. Soc. 61, 1365 (1939). 

(43) Hahn and Stunner: Z. physiol. Chem. 181, 88 (1929). 

(44) Hahn AND Wassmttth: Ber. 67B, 696 (1934). 

(45) Hickinbottom: Nature 143, 520 (1939). 

(46) Hill, Short, and Stromberg: J. Chem. Soc. 1937, 937. 

(47) Hofmann: Ber. 13B, 1349 (1880). 

(48) Hxjrd: The Pyrolysis of Carbon Compounds, p. 226. The Chemical Catalog 

Company, Inc., New York (1929). 

(49) Hurd and Cohen: J. Am. Chem. Soc. 63, 1068 (1931). 

(50) Hurd and Cohen: J. Am. Chem. Soc. 63, 1917 (1931), 

(51) Hurd and Greengard: J. Am. Chem. Soc. 62, 3356 (1930). 

(52) Hurd, Greengard, and Pilgrim: J. Am. Chem. Soc. 62, 1700 (1930). 

(53) Hurd and Hoffman: J. Org. Chem. 6, 212 (1940). 

(54) Hurd and MgNamee: J. Am. Chem. Soc. 64, 1648 (1932). 

(55) Hurd and Parrish: J. Am. Chem. Soc. 67, 1731 (1935). 

(56) Hurd and Pollack: J. Am. Chem. Soc. 60, 1905 (1938). 

(57) Hurd and Pollack: J. Org. Chem. 3, 550 (1939). 

(58) Hurd and Putbrbaugh: J. Org. Chem. 2, 381 (1937), 

(59) Hurd and Schmerling: J, Am. Chem. Soc. 69, 107 (1937). 

(60) Hurd and Schmerling: J. Am. Chem. Soc. 69, 112 (1937). 

(61) Hurd and Webb: J. Am. Chem, Soc. 68, 941 (1936). 

(62) Hurd and Webb: J. Am. Chem. Soc. 68, 2190 (1936). 

(63) Hurd and Williams: J. Am. Chem. Soc. 68, 2636 (1936). 

(64) Hurd and Yarnall: J. Am: Chem. Soc. 69, 1686 (1937). 

(65) Kawai: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 3, 263 (1925); Chem. 

Zentr. 1926, 1, 3144. 

(66) Kawai: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 6, 53 (1927); Chem. 

Zentr. 1927, II, 2188. 

(67) Kawai, Nakamura, and Sugiyama: Proc. Imp. Acad. (Tokyo) 16, 45 (1939); 

Chem. Abstracts 33, 5394 (1939). 

(68) Kincaid: Unpublished work. 

(69) Kincaid and Obersbider: Unpublished work. 

(70) Kincaid and Tarbbll: J. Am. Chem. Soc. 61, 3085 (1939). 

(71) Latter and Filbert: J. Am, Chem. Soc. 68, 1388 (1936). 

(72) Lauer and Hansen; J. Am. Chem. Soc. 61, 3039 (1939). 

(73) Lauer AND Kilburn: J. Am, Chem. Soc. 69, 2586 (1937). 

(74) Lauer and Leekley; J. Am. Chem. Soc. 61, 3042 (1939). 

(75) Lauer and Leekley: J. Am. Chem. Soc. 61, 3043 (1939). 

(76) Lauer and Ungnade: J. Am. Chem. Soc. 68, 1392 (1936). 

(77) Lauer and Ungnade: J. Am. Chem. Soc. 61, 3047 (1939). 

(78) Lothrop: J. Am. Chem. Soc. 61, 2115 (1939). 

(79) Lothrop: J. Am. Chem. Soc, 62, 132 (1940). 

(80) Making and Morii: Z. physiol. Chem. 263, 80 (1940). 

(81) Mander-Jones and Tbikojus: J. Am, Chem. Soc. 64, 2570 (1932). 

(82) Marks and Lipkin: J. Org, Chem. 3, 598 (1939). 

(83) Mauthner: Ann. 414, 250 (1917), 

(84) Mauthner: J. prakt, Chem, [2] 102, 41 (1921), 

(85) Mauthner: J, prakt. Chem. [2] 148, 95 (1937). 

(86) Mills and Adams: J. Am. Chem. Soc. 46, 1842 (1923). 

(87) Mobeu and Gallagher: Bull, soc. chim. 14} 29, 1009 (1921). , 



546 


D. STANLEY TAEBELL 


(88) Mumm and Dibdbricksbn: Ber. 72B, 1523 (1939). 

(89) Mumm, Hobnhardt, and Dibdbbicksbn: Ber. 72B, 100 (1939). 

(90) Mumm and MOllbb; Ber. 70B, 2214 (1937). 

(90a) Mumm and Richtbb: Ber. 73B, 843 (1940). 

(91) Nbsmbjanow and Sabbwitsch: Ber. 68B, 1476 (1935). 

(92) Nibdbbl and Stobch; J. Am. Chem. Soc. 55, 284 (1933). 

(93) Pbbkin and Tbikojus: J. Chem. Soc. 1927, 1663. 

(94) PowBLL AND Adams: j. Am. Chem. Soc. 42, 646 (1920). 

(95) Kaifobd and Howland: J. Am. Chem. Soc. 53, 1051 (1931). 

(96) Bangaswami and Sbshadbi: Proc. Indian Acad. Sci. 9A, 1 (1939); Chem. 

Abstracts 33, 4244 (1939). 

(97) ScHALBs: Ber. 70B, 116 (1937). 

(98) SchOpp and cowobkbbs: Ann. 544, 30 (1940). 

(99) Smith, Hobhn, and Whitnbt: J. Am. Chem. Soc. 62, 1863 (1940). 

(100) Smith and Pbichard: J. Am. Chem. Soc. 62, 771 (1940). 

(101) Smith, Ungnadb, Hobhn, and Wawzonbk: J. Org. Chem. 4, 305 (1939). 

(102) Smith, Ungnadb, Laubb, and Lbbklbt: J. Am. Chem. Soc. 61, 3079 (1939). 

(103) SfXth and Holzbb: Ber. 66B, 1137 (1933). 

(104) Spath and Kuppnbb: Ber. 72B, 1580 (1939). 

(105) Staudingbb, Kbbis, and Schilt: Heir. Chim. Acta 5, 743 (1922). 

(106) Tabbbll: Unpublished work. 

(107) Tabbbll and Kincaid: J. Am. Chem. Soc, 62, 728 (1940). 

(108) Tbikojus and White: Nature 144, 1016 (1939). 

(109) Tschitschibabin and Jblbtzskt: Ber. 67B, 1158 (1924). 

(110) Wallis: In Gilman’s Organic Chemistry^ p. 747 ff., p. 792 ff. John Wiley and 

Sons, Inc., New York (1938). 

(111) Winstbin and Young: J. Am, Chem. Soc. 58, 104 (1936). 

(112) Young, Richards, and Azoblosa: J« Am. Chem. Soc. 61, 3070 (1939). 



THE ELECTRONIC THEORY OF ACIDS AND BASES 
W. F. LUDER 

Department of Chemietry^ Northeastern University, Boston, Massachusetts 
Received September $, 1940 


CONTENTS 

I. Foreword 547 

A, Introduction 547 

B, Historical development of acid-base theory 549 

C, Outline of the electronic theory of acids and bases 553 

II. The rdle of the solvent in acid-base properties 555 

A. Reactions of acids and bases with the solvent 555 

B. Neutralisation and the solvent 560 

C. Typical reactions of acids and bases 562 

III. Further implications of the electronic theory of acids and bases 568 

A. The extent of acid-base phenomena 568 

B. Strengths of acids and bases 571 

C. Catalpis 577 

D. Relationship of acid-base phenomena to oxidation-reduction 578 

IV. Conclusion 580 


I. FOREWORD 

A. Introduction 

From the beginning of the history of chemistry the question as to the 
nature of acids and bases has been one of great interest. The answer to 
the question has been revised mainy times and is at present the subject of 
considerable controversy. 

None of the three current theories of acids and bases satisfactorily 
explains more than a portion of their experimental behavior. For forty 
years an increasing amount of data has compelled realization of the fact 
that acid-base phenomena are far more widespread than is generally 
acknowledged. Those who have grasped this fact have already abandoned 
the hydrogen ion-hydroxyl ion theoiy. Yet neither of the two alterna- 
tives is inclusive enough to cover all the data. 

The theory of solvent systems conforms to the experimental fact that 
there are many other substances besides those containing hydrogen which 
exhibit typical acid properties. But it goes astray in maldng the defini- 
tions of acid and tase as rigidly dependent upon the , solvent ^ ^ 

hydrogen ion-hydroxyl ion theory. 
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The proton theory emphasizes the important fact that acid-base phe- 
nomena can be observed in any solvent or even in the absence of a solvent. 
It also takes into account the experimental fact that there are many 
other substances besides the hydroxyl ion which exhibit typical basic 
properties. Yet it does not recognize the complementary data with 
regard to acids. The followers of Bronsted have maintained that only 
substances capable of giving up protons can be called acids. 

We have, then, two independeat and, in important features, contra- 
dictory theories of acids and bases. This situation seems to be due to 
the neglect of two factors very important in contemporary chemistry: 
first, a portion of the experimental data, and second, the dectronic theory 
of the covalent bond. Probably such neglect was natural and even 
necessary in the early stages of the devdopment of each theory. Pos- 
sibly neither would have accomplished as much as it has without some 
such limitotion. However, as a result of this neglect, neither theory gives 
us much of an insist into the fundamental nature of acids and bases. 

The most powerful theoretical tool now available to the chemist is 
undoubtedly the dectronic theory of valency, which we owe to the bril- 
liant intuition of G. N. Lewis (76, 77). It has been used with remarkable 
results by workers in many fields, yet the only one who has applied it 
systematically to the problem of the nature of acids and bases has been 
Lewis himself (77 to 81). When the theory had so well demonstrated its 
widespread usefulness, one might expect that an attempt by its author to 
apply it to adds and bases would meet with a favorable reception. But 
this attempt has been ignored where it has not been actively opposed. 
Walden has been almost bitter in his ridicule of the ideas of Lewis (102), 
but he reveals, by his misinterpretations of their consequences, that he 
has not understood them. Walden’s opposition must have had con- 
siderable influence in preventing serious consideration of the proposals 
of Lewis. Yet Lewis’ application of his theory to acids and bases explains 
their properties in the fundamental terms of a simple inherent <Merence 
in the electronic structure of the molecules themselves. It also takes into 
account both portions of the data neglected by the other two theories. 

BVom an experimental standpoint it seems that a substance which 
exhibits the properties of an acid should be called an add, regardless of 
preconceived notions about the dependence of acid properties on some 
particular element. Those properties have been agreed upon from the 
begLnning. Yet many substances possessing them are not now recog- 
nized by most chemists as acids. This situation persists m spite of the 
fact that some of these substances were once called acids, — ^when the 
principal criterion of an add was its experimental behavior, 

In this paper the emphasis is upon experimental behavior. Sub- 
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stances which possess the properties of acids are properly called acids; 
substances having the properties of bases are properly called bases. 

B. Historical d&jeUypm&ni of aridr^base iheory 

Some of the properties by which acids were recognized when the term 
first came into use were listed by Boyle (102) as follows: they dissolve 
many substances; they precipitate sulfur from its solution in alkalies; 
they change blue plant dyes to red; they lose all these properties on 
contact with alkalies. These were recognized as the properties of aqueous 
solutions of acids. If the solution of a substance in water had these and 
other typical acid properties, the substance itsdf was known as an acid. 
Thus the gases carbon dioxide and sulfur trioxide were called acids be- 
cause thdr solutions exhibited the properties common to aQ aqueous 
solutions of acids. 

This strictly experimental approach was largely abandoned during the 
series of controversies which b^an with Lavoisier’s attempt to make 
oxygen the necessary constituent of all acids. After Davy had shown that 
some acids do not contain oxygen and that many oxides are not acids, 
hydrogen became the “acidifying principle.” Davy himsdf wrote in 
1814 “that acidity does not depend upon any particular elementary 
substance, but upon peculiar arrangement of various substances” (38). 
We shall see how nearly correct Davy was. But Liebig successfully 
maintained the hydrogen theory gainst Berzelius by definite an add as 
any substance which contained easily replaceable hydn^n atoms. 

With the advent of the Arrhenius theory of ionization, an add was 
defined as a hydrogen compound ionizing in water solution to give hy- 
drogen ions. A base was a hydroxyl compound whidi would 
hydroxyl ions in water solution. These definitions became quite g^ieral, 
in spite of the efforts of several investigators to show how absurd th^ 
were. The exa^eration of the importance of ions in chemical reactions 
was at its hei^t. A physical chemistry text of the period, as quoted hp 
Folin and Flanders (20), contained the statement that “We have alreacly 
reached a point where we can say that nearly aJl, if not aQ, chemical 
reactions are due to ions, molecules as such not entering into cfa^nical 
action.” Such an atmosphere was not condudve to a sdentifie ap- 
proach, and the work of Collie and Tickle (10), EEantsch (43, 44), Fdin 
and Flanders (21), and Lapworth (72) was largely i^raed.- 

CoQie and Tickle (10), in their paper published in 1899, surest ihat 
oxonium salts are sinular to ammonium salts. They refer to “awh }i$eea 
as those of the pyridine series” and even mention a ‘%ypothetieBl bpse 
Oxonium hydroxide, QHaOH”. Hantzsch (43, .44) noted tije basio aetaen 
of water, methyl alcohol, and dimethyl ether in anhydrous aitfcah: add. 
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Folin and Flanders, in a paper published in 1912 (21), reported the titra/- 
tion of .a lai^e number of aci^ in such solvents as benzene, toluene, 
chloroform, and carbon tetrachloride. They used sodium ethylate and 
sodium amylate as bases and phenolphthalein as an indicator. They 
noted that weak acids which cannot be titrated in water give excellent 
results in organic solvents. Even hydrogen sulfide was titrated. They 
found their solutions of acids practically non-conducting and concluded 
that there were very few ions present. This has been supported by the 
work of Fuoss and Kraus (27, 28, 85). Carbon dioxide could not be 
titrated in either chloroform or benzene. As we shall see, this seems to 
agree with Lewis’ statement that carbon dioxide is a “secondary” acid 
(78). The most striking thing about the paper appears in a footnote in 
which the authors mention that mercuric chlonde can be titrated with 
phenolphthalein and sodium ethylate in the same manner as any other 
acid, but they failed to draw the logical conclusion that mercuric chloride 
might be an acid. Lapworth (72) was one of the first to attack the 
Arrhenius-Ostwald theory of the catal 3 rtic activity of acids. However, 
these and similar investigations failed to make an impression upon the 
followers of Arrhenius, until the concept of the covalent bond b^an to 
relegate ionic reactions to their propmr importance in chemistry. 

Meanwhile the development of the theory of solvent sjrstems was begxm 
by Franklin in 1906 (22 to 25). Reasoning from formal analogy to the 
hydrogen ion-hydroxyl ion theory he defined acids and bases in liquid 
ammonia. According to his theory, if water ionizes into hydronium (or 
oxonium) and hydroxyl ions, liquid ammonia must ionize into ammonium 
and amide ions. Substances like ammonium chloride are acids and sub- 
stances like sodium amide are bases in liquid ammonia. Ammonia 
solutions of acids and bases neutralize each other just as aqueous solutions 
do. For example: 

OH,a + NaOH NaQ + 2H»0 

, NHiQ + NaNH* Naa -b 2NH, 

add base salt solvent 

Other properties of acids and bases, such as the reaction of adds with 
metals and of bases with non-metals (4), were observed. The similarity 
between ammonia and water solutions was demonstrated very widely. 
Even acids like B(OH )3 and B(NH*)» were compared, and the latter was 
called an ammono acid. It appeared that the acid properties of both the 
hydronium and the ammonium ions must be due to the proton. The 
question Hien arose as to whether the idea of the solvent system ooiild be 
applied to systems in which no protons were present. 

Germann (29, 30, 31), Cady and Elsey (9), Jander (57 to 65), Wickert 
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(105), and Smith (100) have extended the solvent system theory of acids 
and bases to include aprotonic ssrstems. Gennarm showed thst nlnminnm 
chloride in phosgene has tjrpical acid properties. The solution dissolves 
metals with evolution of carbon monoxide gas and is neutralized by metal- 
lic chlorides such as calcium chloride. Germann ftaanmfiil that the 
aluminum chloride forms with the solvent a complex which he a 
solvo acid. His definitions of acids and bases were formal and com- 
plicated, but were simplified by Cady and Elsey (9). They defined an 
acid as a solute which gives rise to a cation characteristic of the solvent 
and a base as a solute which ^ves rise to an anion characteristic of the 
solvent. 

Jander and his coworkers used the same definitions to interpret the 
results of their work in sulfur dioxide (57 to 65, 104). Smith changed the 
definitions somewhat in reviewing the work with selenium oxychloride as 
a solvent (100, 107, 73, 74, 75, 66, 92). He defined an add as an dectron- 
pair acceptor toward the solvent, and a base as an electron-pair donor 
toward the solvent. These definitions, suggested in 1938, first show the 
influence of Lewis’ proposals made in 1923 (77). 

The extreme of formalism has been reached by Wlckert in his definirions 
of acids and bases in terms of the solvent system (105, 90). He does not 
hesitate to overlook such experimental behavior as amphoterism in order 
to state his definitions wholly in terms of ions. Shatenstdn also (97) 
has pointed out one of the several inconsistencies in Wickert’s prratotation. 
Wickert defines an acid as an ionic compound the cation of which ^ an 
incomplete electronic configuration. Yet he admits that ammonium 
salts are adds m ammonia. Another contradiction of the experiments 
facts occurs in that antimony tridiloride is com^tly listed as an add, 
but Suminum chloride is not. 

The essential ideas of the theory of solvent systems are. summarized 
in table 1. In the first three examples, it is obvious enough that the add 
which has reacted with each solvent is hydri^en bromide. Yet Smitii 
seems to be the only adherent of the solvent system theory who recogniMS 
that in examples 5 and 6 aluminum chloride and staimic chloride are true 
acids (100). And that is the b^bning of the end of the theory. 

The strength of the sdvent system theory lies in its emphads upon the 
fact that acid behavior is not confined to solutions containing proton- 
donors. The advo(».tes of the theory have dmnonstiated tluit thdr acid 
solutions have all the typical experimental propertms of aquecps sdutimis 
of hydrogen acids, — mccept the presence of 'i^ proton.. The weaknesses 
of the theory are two: first, the attwpt to lirpit add^iaise pl p tmam e pa to 
solvent ssrstems, and second, the empha^ ,li®on,jbn*wti 0 P as 
most important factor in acid-hap© prop^esi. foir- 
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lowed from the second. At any rate, many investigators have shown 
(10, 21, 39, 42, 43, 44, 50, 71, 72, 109) that ionization plays a far less 
important rdle than the followers of the solvent system theory would have 
us believe. It would appear that the theory merely describes one aspect 
of the nature of acids and bases: namely, their reactions with amphoteric 
solvents and the properties of the resulting solutions. We are most 
familiar with these properties, since they are most easily observed. A 
reluctance to go beyond them is readily imderstood, but for many chemists 
the BrSnsted theory has overcome tWs reluctance, at least with resnect 
to bases. 

There are so many excellent discussions of the BrSnsted theory (6, 7, 8, 
35, 36, 37, 69, 84), that it is only necessary here to point out its one im- 
portant weakness. The BrSnsted theory admits of no acids other than 
proton-donors. As the proponents of the solvent system theory have 
shown, this does not correspond to the experimental facts. If the ex- 


TABLE 1 

Neutralizaiion reactions according to the theory of sohent systems 


NO. 

fiOLTXNT 

ACaED 4 

BABB SAXO? 4 

- BOLVBMT 

1 

HaO 

H.O+, Br- 

K+ OH-" 

K+ Br- 

2H,0 

2 

NH, 

NH7, Br 

K+ NH, 

K+ Br- 

2 NH 3 

3 

C^.OH 

Br 

K+ ocjar 

K+, Br 

2C,H,OH 

4 

SO, 

SO++, Bit 

BJ, sor- 

2K+ Br- 

2 S 6 , 

5 

COCl, ' 

C30C1+, AlClr 

K+Cl- 

K+ AlClr 

COCl, 

6 

SeOCl, 

(SeOa)?, SnCli- 

2K+ ClT 

SnClF- 

2 SeOCl, 

7 

SbCl, . 

Sb+++, Bit 

3K+ Cl- 

3K+ Br- 

SbCI, 


perimental approach is to prevail we cannot go on saying, as Meerwein 
(91), Shatenstein (97), and others do, that certain substances are “acid- 
analogous” in their properties; but are not acids simply because they do 
not contain hydrogen. Brdnsted is undoubtedly correct in attributing 
acid-4>ase properties to the molecules themselves rather than to their 
solutions. In this respect the Brdnsted theory, as far as it goes, is closer 
to the experimental facts than the theory of the solvent system. Just 
as important is the conclusion that acids and bases are not necessarily 
ionic. 

Any attempt to reconcile the two contradictory theories of acids and 
bases must involve a deeper insight into their fundamental nature. Such 
an attempt has been made by Usanovich (101, 38) and by Lewis (77 to 81). 
Usanovidi has defined an acid as any substance capable of pving up 
cations or of combining with aiiions, and a base as any substance capable 
of giving up anions or of combining with cations. He also suggests that 
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oxidSitioii-reductioii reactions are a special case of acid— base phenomena. 
Acids combine with electrons as well as with anions, and bases give up 
dectrons to acids. Oxidizing power is a limited phase of acidity, and both 
are due to attraction for negative particles. Some examples of neutrdiza- 
tion according to tJsanovich are given in table 2. Sulfur trioxide is an 
acid because it combines with the anion, 0 . Antimony pentasulfide 

K an acid because it combines with the sulfide ion. Ferric cyanide com- 
bines with the cyanide ion. Methyl iodide gives up the cation CH^. 
Chlorine combines with two electrons from two so£um atoms. This 
theory is general and covers more of the experimental behavior (e.g., 
see 16), but objections may be raised to it. 

Shatenstdn (97) has called attention to certain inconsistencies in tlte 
above theory. Among these are the emphasis upon salt formation, and 
the formal reasoning involved in making ions so important in the scheme. 
In addition, one might mention the lack of correlation between the defini- 
tions and the degree of “coSrdination-unsaturation” which TJsanovich 


TABLE 2 

Neutralization reaetioni according to ihe theory o/ Utanovieh 


KO. 

AaD + BABB -» BA&C 

1 

SO, 

Na,0 

Na,S04 

2 

Sb,S, 

3(NH4),S 

2(NH,),SbS4 

3 


3KCN 

K,Fe(CN), 

4 

CHiI 

(CH,)d^ 

(CH.)4NI 

5 

Cl, 

2Na 

2Naa 


recognizes is of great importance in determinii^ acidity and baridty. 
Furtibennore, the inclusion of oxidation-reduction as a special case d 
acid-base phenomena does not seem to be justified. The relation^p 
is dose, but, as we shdl see, is not quite as TJsanovich presets it. 

The other attempt to reconcile the proton and the solvent systan 
theories was made by Lewis in 1923 (77). Stiictly speaJdr^, it was not 
an attempt at reconciliation, since both theories were proposed for the 
first time by Lewis as special cases of his more genend and more funda- 
mental theory. BrSnsted and Lowry presented thdrfheoty independently 
in the same year, while -the general form of the solvait ^^stem theory 
came several years later. The confiict between the two theories has g(me 
on, although the solution to the problem has been at hand sinoe 1923. 

C. OvMne of tite dectronic (heory of adds and ham 

. The foundations of an electronic theory of acMs and bases .have beoa 
well laid by Lewis (78). - He be^s by defining adds and ba^ in terms 
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of thdr outstandii^ experimental property, neutralization. Acids are 
substances which, like hydrogen ion, neutralize hydroxyl ion or any other 
base. Bases are substances which, like hydroxyl ion, neutralize hydrogen 
ion or any other acid. If the definitions are rewarded slightly, they can 
be based on the experimental facts alone. Adds are substances which, 
like hydrochloric a(M, neuiraliee sodium hydroxide or any other base. ' Bases 
are substances which, like sodium hydroxide, neutralize hydrochloric add or 
any offier add. Thus worded, the definitions would have applied at any 
time since the b^inning of the classification of acid-base properties. The 
following experiment, which makes an excellent lecture demonstration, 
is an interesting example of their generality. 

Crystal violet is an indicator which gives the same color change in 
different solvents. When sodium hydroxide is titrated against hydro- 
. chloric acid in water, udng crystal violet as the indicator, the solution is 
yellow when acidic and violet when basic. Pyridine and triethylamine 
can be titrated in a similar manner against hydrochloric acid, and are 
therefore bases. If psrridine is dissolved in some comparatively inert 
solvent, such as chlorobenzene, the same violet color is observed when 
crystal violet is added. Now if boron trichloride, stannic chloride, or any 
similar substance soluble in chlorobenzene is added to the basic pyridine 
solution, the color changes instantly to yeUow. Thus boron trichloride 
and stannic chloride are acids. If triethylamine, acetone, or any other 
fairly strong base is added, the color changes back to violet. Similar 
titrations can be performed in other solvents with other indicators and ‘ 
with many other acids and bases none of which contains hydrogen or 
hydroxyl ions (78). These titrations are strong evidence that there is an 
inherent difference between the molecules of acids and of bases. This 
difference is not dependent upon the solvent. It must involve a contrast 
in atomic structure common to all acids and bases, including hydrogen 
ion and hydroxyl ion. 

The one property common to all acids makes them what Si(^wick (98) 
calls acceptor molecules. Bases are donor molecules. As Lewis points^ 
out, acids and bases coincide completely with Sidgwick’s classification of 
electron-pair acceptors and donors. A base has one or more lone electron- 
pairs which may be used in co5rdinate-bond formation. An acid can 
accept one or more dectron-pairs from a base to form codrdinate bonds 
between the acid and base. In terms of the electronic theory: A base 
is a base because it can donate an deetron^ir to form a codrdinate bond. 

. n acid is an add because it can accept an dectrorirpair to form a coSrdincde 
bond. Neutrodization is the formation of the covalerU bond bdween the add 
and the base. For example, when triethylamine neutralizes boron tri- 
chloride in chlorobenzene or in the absence of any solvent. 
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:d: Et* :Ci:Et 

:a:B + :N:Et :C1:B : N:Et 
” :d: Et “ :d: Et 
•Et - cja, 

boron trichloride is an acid because it accepts an electron-pair to complete 
the octet for the boron atom. Triethylamiae is a base because the nitro- 
gen atom has an electron-pair which' it can offer to form a coSrdinate 
bond between the acid and the base. The formation of the covalent bond, 
— neutralization, — destroys the distinctive properties of both the acid 
and the base. 

The cases of neutralization just discussed take place mther in unreactive 
solvents or in the absence of any solvent. They are less complicated than 
similar reactions in reactive solvents. Nevertheless, when neutralizaiion 
and other reactions of these and similar acids and bases in reactive solvents 
are considered, it is found that they are analogous to corresponding reac- 
tions which occur in water in the presence of excess hydrogen ion or 
hydroxyl ion. 


n. raa BdiiU op the solvent in acid-base fbofebties 


A. Recutions of acids and bases with fhe solvent 


The properties of acids and bases with which we are most familiar from 
the study of water solutions depend to a great extent upon the presence 
of the solvent. For example, magne»um reacts slowly with hot wata, 
liberating hydrogen. The reaction is much more rapid in aeid-solutum. 
The difference must be due to the increased concentration of the solvmit 
cation, the hydrogen ion.‘ At first glance, Lewis’ theory seems to have 
little relation to this lai^e body of eiqperimental behavior with whieh 
we are so familiar. 

This apparent lack of r^tionship is the basis of Walden’s attack (102) 
on Lewis’ theory. Walden fears that Lewis would destroy the significance 
of dissociation constants and conductivity measurements. The part 
played by the solvent would be deliberatdy elinunated. . The opposite- 
ness of acids and bases toward indicators would appem: to be purtiy 
incidental observations. Unbiased study would have revealed tiiat none 
of these fears is warranted. We have already seen that the oppositaiess 
of adds and bases toward indicators is by no means a purdF incidental 
observation, and we shall see that Walden’s other objections are as ground^ 
l®s, but some justification for Walden’s mkinterpretaticm must be ad^ 


* Tlifl teian ‘hydrognaion” wiUooatiniwioL, — 

^liydronium ''oxonium ion”, ox **Jiyiiioxoiittiiin ion**. 
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mitted. Lewis understands the significance of his theory so well that he 
has apparently overlooked the necessity of demonstrating its applicability 
to the familiar data. A sketchy attempt to do this has been made previ- 
ously by the present author (87). In this paper a more complete presenta- 
tion will be given. 

Water may be regarded as the product of the neutralization of hydrogen 
ion by hydroxyl ion. The proton is an acid because it tends to accept 
an electron-pair from a base to complete the K shell of electrons. The 
hydroxyl ion is a base because the oxygen atom can donate an electron- 
pair to an acid. The formation of the coordinate bond between the 
proton and the hydroxyl ion is neutralization. The question as to whether 
the product is actually neutral, in the sense that the donor and acceptor 
properties of the oxygen and hydrogen atoms are balanced, is probably 
not of great importance. Sidgwick (98) believes that the oxygen is more 
powerful as a donor than the hydrogen is as an acceptor. What is more 
important is that the relative acidity of water can be compared with that 
of other solvents. For example, glacial acetic acid is more acidic and 
liquid ammonia more basic than water. In terms of the electronic theory 
this means that the acetic acid molecule has a greater tendency to accept 
an electron-pair than does water and that the ammonija molecule has a 
greater tendency to donate an electron-pair. 

When an acid is dissolved in a solvent, the reaction between the acid 
and the solvent depends primarily upon two factors: the strength of the 
acid (its tendency to accept an electron pair), and the basic strength of 
the solvent (its tendency to donate an electron pair). The second factor 
wiU be considered in part III. In a given solvent, the strength of the 
acid can be measured, within the limits of the 'leveling effect'' of Hantzsch, 
by means of the equilibrium constant of the reaction with the solvent. 
For example, if glacial acetic acid, a typical covalent liquid which con- 
ducts an electric current poorly, reacts with water according to the 
equation 


HC2H3O2 + H2O H3O+ + CaHsOr 

the equilibrium constant, 

« _ [HsO*^ X [C2H30rl 

[Hcyetod X [H201 

serves as a semi-quantitative measure of acid strength when compared 
with similar constants for other acids. This is true only if the acid is not 
too strong. For strong acids like hydrochloric acid, also a typical co- 
valent Compound (possessing only 17 per cent ionic character, according 
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to Paulmg (94)), the reaction proceeds completely to the ri^t in a solvent 
as basic as water. 

Similar conclusions apply to other acids. If the reaction occurring 
when carbon dioxide, a weak ^id, is dissolved in water is represented 
by the equation 

COj + 2H2O H3O+ + HCO“ 
the equilibrium constant, 

[H,Olx[HCOi-] 

[COt] X IH 2 OP 

may serve as a measurb of the acid strmgth of the carbon dioxide. Strong 
acids like sulfur trioxide act in the same manner as hydrochloric add. 
Sulfur trioxide accepts an d^tron-pair from water just as does the hy- 
drogen in hydrogen chloride, seeking its maximum codidination number 
of two. The subsequent division into ions is different in that the water 
molecule is split by the sulfur trioside, but this is irrelevant to the theory, 
as we shall see. The reaction 

SOj + 2H2O HaO+ + HSO7 

proceeds strongly toward the right. The same considerations hold for 
acids such as boron chloride, aluminum chloride, or stannic chloride. 
The boron and aluminum atoms tend to accept an electron-pair to com- 
plete thdr stable shells of eight electrons. The tin atom tends to gain 
two electron-pairs to complete its stable shell of twelve, as in H^Q*. 
There is no valid reason for calling the same type of reaction by two dif- 
ferent terms: namely, ionization in the case of hydrochloric acid or acetic 
add, and hydrolysis in the case of sulfur trioxide, carbon dioxide, or 
stannic chloride. The net result is an increase in the concentration of 
the solvent cations. We shall see that this increased concentration of 
the solvent cations is responsible for most of the familiar properties of 
acids and bases in water and similar solvents. It is due to the tendency 
of an acid to accept electron-pdrs from bases in order to complete the 
characteristic stable electron configuration of the acid. 

The actual mechanism may be regarded in eith^ of two|ways, as rep- 
resented by shnplified equations for tiie reaction between sulfur trioxide 
and water; 


: 0 : 

:6:S -b H+ :b:S:0:H +H+ 

: 0 : : 0 : 
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a direct reaction between, the sulfur trioxide molecule and the hydroxyl 
ion; or 


: 0 ; : 0 : : 6 : 

:0:S: + :0:S:0:H :0:S:0:H + 

:0: H :b:H :0: 

a direct reaction between the sulfur trioxide molecule and the water 
molecule, followed by ionization. In either case the result is the same. 
If the acid is strong enough or if the solvent is basic enough, the concen- 
tration of the cation characteristic of the Solvent is increased. 

The corresponding conclusion holds for bases dissolved in ionizable 
solvents. The solution contains a greater concentration of anions than 
is present in the pure solvent. The strength of the base in a given solvent 
can be estimated from the equilibrium constant. For example, when 
pjrridine is dissolved in water, the p 3 nidine molecule acts as a base in 
donating an electron-pair to the water molecule: 

CsHbN: + H:b:H — CsH6N:H+ -f :b:H- 
• • • • 

The equilibrium constant, 

^ _ iCjHOTl X [om 

[C^BsN] X [HiOl 

serves to measure the basic strength of the pyridine. 

These examples, purposely chosen with water as the solvent, are enough 
to show that the part played by the solvent is not “dddberately elimi- 
nated.” Dissociation constants and conductivity measurements still 
have as much significance as ever. Walden’s objections simply do not 
apply. When a sufficiently strong acid reacts with water, the concentra- 
tion of the hydrogen ion is increased. When a sufficiently strong base 
reacts with water, the concentration of the hydroxyl ion is increased. The 
word “strength” now refers to the tendency of acids to accept electron- 
pairs and the tendency of bases to donate them, but in a given solvent the 
strei^th of an acid or a base, within limits, can be measured by its dis- 
sociation constant. There are many examples in the literature to support 
this conclusion for solvents other than water. 

The typically acid properties of aluminum chloride in phosgene (30) 
are due to this increased concentration of solvent cations. These prop- 
erties will be considered in section C of this part. Germann foimd that 
the conductivity of the aluminum chloride solution was less than that of 
the calcium salt, Ca(AlCl 4 )s, and concluded that the acid was weak. 



BLECTBONIC THEOET OP ACIDS AND BASES 


559 


Aluminum chloride is an acid because it accepts an electron-pair to com- 
plete the octet of the aluminum atom. The phosgene is amphoteric and 
in this reaction is acting as a base. The resulting cation will be solvated, 
because of the strong tendency of the carbon atom to its octet. 

The data do not permit certainty as to the me chanism of the reaction 
between aluminum chloride and phosgene, but if we write the equation as 


:C1: 

:Cl:Ai+ :d:C:Cl: 


:C1: 


0 : 


:C1: 


?i:Cl:Al:Cl:C:Cl:; 



. - 9 * 

:d:Ai:d: +:0::C:d:+ 

:a: 

L. 


the equilibrium constant, 

^ _ [coal X [AICIT] 

[Alcw X [cocy 

will serve as a measure of acid strength when compared with the dis- 
sociation constants of other acids in phosgene. According to Germann’s 
conductivity measurements K is small, so aluminum chloride is a fairly 
weak acid with respect to phosgene. Similar treatment can be g^ven the 
results of other investigators. 

Meerwrin (91) has shown that aluminum alcoholates, when dissolved 
in alcohols, increase the concentration of the solvent cation in the same 
manner as aluminum chloride does in phosgene: 

A1(0R), + ROH ->■ HA1(0R)4 

Other acids, such as boron trifluoride, also increase tire hydrogen-ion 
concentration in organic acids. The work of Jander (60) with sulfur 
dioxide, that of Smith and others with selenium oxychloride, and some 
of the work in liquid ammonia can be interpreted in a rimilar way, not 
only for acids but for bases as well. 

The reason for the solvent system definitions of Cady and Elsay is 
clear. Acids often do increase the concentration of solvent cations; 
bases often increase the concentration of solvent anions. However, this 
does not always happen. When acids react with solvents like ether and 
P 3 nddine, ionization to ^ve a cation characteristic of the solvent is un- 
lidy. Usanovich (101) has shown the similarity in electrical eondudavity 
of solutions of such adds as the arsenic and antimony tridflorides in ether 
to a solution of sulfuric add in ether. The conductance of the sdatioas 
is greatd if the ether is replaced by a stronger base, such as pyriiSim. 
Arsenic trichloride reacts with pyridine with libetaticm of a laige amofaat 
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of heat, fonniug, after evaporation of the excess pyridine, a cr3rstalline 
compound AsCU • CsHbN. It is a familiar fact that pyridine forms crystal- 
line compounds with those salts which, according to Lewis’ theory, are 
fairly strong acids, e.g., zinc chloride. In these cases ionization of the 
solvent is impossible. The reaction may be represented as follows: 

+ AsCU CjHsNtAsCl, CsHtNiAsCl? + Cl" 

The arsenic atom becomes more negative by gaining a share in the lone 
electron-pair of the nitrogen atom. The electrical stress can be relieved 
by the ionization of a chlorine atom. A similar situation holds for ether. 
.Am oxonium salt is formed in solution. If we regard the ether and pyridine 
as solvents, we see that no cation characteristic of the solvent is formed. 

We might have drawn the same conclusion from the previously con- 
sidered reaction between pjnidine and water: 

CtHgN: -I- HOH CjH6N:H+ + OH- 

If pyridine is considered the basic solvent and water the acid dissolved 
in it, there is again no splitting of the solvent to give a cation characteristic 
of the solvent. The above examples illustrate the inadequacy of the idea 
that acids and bases can be defined in terms of ions. In certain solvents 
acids increase the concentration of solvent cations and bases increase the 
concentration of solvent anions, but in other solvents they do not. These 
experimental facts do not affect the electronic theory of acids and bases, 
because it is not stated in terms of ions. It is not even concerned with 
the mechanism of ionization after neutralization takes place. It recog- 
nizes, as does the BrSnsted theory, that ionization may not be involved 
in many reactions of acids and bases. 

B. NeuircMgation and the sohent 

Neutralization is the formation of the coSrdinate bond between the 
acid and the base. The electronic theory gives a real meaning to the 
word, a meaning of which the BrSnsted thwry takes no account. The 
type equation of the BrSnsted theory: 

aoidi + base* acids + bases 

is often assumed to dispose of the concept of neutralization. We shall see 
in part III that this is not true. The equation may represent the fact 
that acids or bases will replace weaker acids or bases from their compounds. 
It does not aboli^ neutralization. 

The acid boron trichloride is neutralized by the base triethylamine when 
both substances are in the pure liquid or gaseous state: . . 
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:C1: Et* :Ci: Et 

:C1:B + :N:Efc-»- ;C1:B : N:Et 

“:C1: iit *’:d:Et 
• • • • 

*Et = C^ 

The product is usually called a molectdar or addition compound. Lewis 
calls it a pseudo-salt, and remarks in passing that such compounds are 
incapable of ionization. This would seem to be an oversight. The 
possibility of ionization of one of the chlorine atoms ought to be considered. 
It may not occur to a great extent in this particular compound, but where 
sufficient electrical stress is set up, upon the acceptance of a share in 
another electron-pair by the acid, one would expect ionization to be 
favored. Such ionization would, of course, be greatly affected by the 
dielectric constant of the solvent. Three examples of ionization, of the 
many which could be given, are the following: 

CtEsN; + H:C1: ->■ CsHsNrHrCl: -»-CsH5N:H+ + :ci:- 

♦ • • • • * 

AlCh + COCb ->• ClOCarAlCU COC1+ + AlQr 

SnCU + 2SeOCl2 ->■ (SeOa)2Sna, 2SeOCl+ -1- SnClr- 

In such cases the product is usually considered a salt. There seems to 
be no need for the name “pseudonsalt.” 

Considering only acid-base reactions, solvents may be divided into three 
classes: (i) those that are practically inert toward acids and bases, e.g., 
benzene, carbon tetrachloride, and chlorobenzene; (S) tiiose that are 
ionizable, e.g., water, ammonia, sulfur dioxide, phosgene, and selenium 
oxychloride; (S) those that do not ionize but do react with acids and bases, 
e.g., ether and psnridine. If we consider the neutralizafion of boron 
trichloride by triethylamine in the three types of solvents, we find that 
the net result may be the same as when the neutralization occurs in the 
absence of a solvent. 

When the solvent is inert it is merely a diluent and Hie neutralization 
product is obtained directly. Wh^ the solvent is ionizable, intermediate 
reactions with the solvent may be observed. If either the acid or the 
base, or both, are strong enou^, they will be at least partially neutra- 
lized by the solvent; e.g., if selenium oi^chloride is chosen as the solvent, 

BCU + SeOCU SeOCl+ + BCIT . 

(C2H*),N + SeOCI* -» (C»H»)»NSeOCl+ + CP 
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When the two solutions are mixed, neutralization takes place, with the 
elimination of solvent. 

SeOCl+ BCIT + (C»H 5 ) 8 NSeOCl+ Q- ( 02 H 8 ),NBClj + 2 SeOCl 2 

The same product is obtained as when the reaction is carried out directly 
or in an inert solvent. 

When the solvent reacts without ionizing, it reacts with either the acid 
or the base, but not ordinarily with both. Such solvents are usually not 
amphoteric. For example, if boron trichloride is neutralized by tri- 
ethylamine in ether, the boron trichloride would react with the ether, but 
the triethylamine would not. The oxygen atom in the ether can donate 
an electron-pair to form an oxonium bond, but the hydrogen atoms in 
ether have little tendency to form hydrogen bonds (94). 

BClj + (C2H5)20 (C*H5)20BC1* 

Wlien triethylamine is added, it merely displaces the weaker base and the 
resulting product is the same as before. 

(C2H6)20BCU + (C2Hj),N -> (C2Hs),NBC 1, -h (C2H5)20 

In all four cases the neutralization product is the same. 

However, it would be dangerous to generalize from this observation, 
since the reactions depend upon the relative strengths of the various acids 
and bases involved. Probably the most that ought to be attempted is 
the classification of solvents as inert, amphoteric, and non-amphoteric. 
The reactive non-ionizing solvents should be called non-amphoteric 
rather than either acidic or basic, because the ionizing solvents may be 
predominantly acidic or basic while retaining the possibility of amphoteric 
behavior under proper conditions. 

C. Typical reactions of acids and bases 

Typical properties of acids and bases are usually taken to be those which 
are observed in water solutions of acids and bases. Moat of these prop- 
erties are due to the increased concentration of solvent cation or solvent 
anion caused by the presence of the acid or base. The most familiar 
reactions dependent upon this effect probably are the reactions between 
the free dements and solutions of acids and bases, electrolysis, and the 
reactions of amphoteric substance. The first is the only one which re- 
quires further discussion before similar reactions in other solvents are 
considered. 

Active metals like sodium and calcium are oxidized by pure water. 
Active non-metals like chlorine and sulfur also react with water, but the 
reactions are more complex. Chlorine reacts to give hydrochloric and 
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hypochlorous acids. Sulfur reacts slowly when heated with water, to 
give several products (25). These reactions may be considered as due 
to the presence of hydrogen ions and hydroxyl ions. The hydrogen ions 
oxidize active metals and become free hydrogen. The reaction of hydroxyl 
ions with active non-metals is not so simple. This is probably due to the 
fact that the oxygen atom has a greater attraction for electrons than 
any other atom except fluorine. Many metals will reduce hydrogen ion, 
but only one non-metal, fluorine, will oxidize hydroxyl ion under ordinary 
circumstances. Chlorine and sulfur are unable to remove electrons com- 
pletely from the hydroxyl ion. 

These reactions proceed much more rapidly when the hydn^en-ion 
or hydroxyl-ion concentration is increased by the addition of an acid or 
base. This increase in rate seems to be a mass action effect, e.g., in the 
reaction 

Mg -1- 2H,0+ ->■ Mg++ + H* -I- 2H*0 

increasing the concentration of the hydrogen ion will have the same effect 
whether it is done “directly” by adding hydrogen chloride, or indirectly by 
adding sulfur trioxide to the water. In like manner, it makes no dif- 
ference how the hydroxyl-ion concentration is increased. It may be 
brought about by adding the ions directly through the addition of sodium 
hydroxide or it may be done indirectly by adding triethylamine to the 
water: 

(CyE5),N: + (CsHb) 8N:5+ + :b:H- 

• • • • 

It is worth noting at this point that, in these typical reactions, hydrogen 
ion and hydroxyl ion are not acting strictly as acid fmd base. The hy- 
drogen ion acts as an oxidizing agent, removing electron completdy from 
the metals which react with it. The hydroxyl ion acts as a reduring tgent 
toward the only element capable of removing electrons from it: 

2Fj + 40H- -»■ 4F- -h Os + 2 H 2 O 

Such reactions, as well as those of electrolyas and of amphoteric be- 
havior, have been observed in other solvents. Reactions which occur m 
ammonia (22 to 25), sulfur dioxide (2, 57 to 65, 104), acetic acid (11 to 
15, 36), hydrogen sulfide (106), hy^gen fluoride (26), phosgene (29 to 
31 ), selenium oxychloride (100, 107), alcohols (53, 91), and sulfuric acid 
(43, 44) are analogous to those whith take place in water. Some of th^ 
^ve been interpreted according to the solvent system theory, others ac- 
cording to the prot<m theory. All of them may be understood more cleariy 
on the baas of the electronic theory of i^ids and bases. Only a fem ex- 
amples will be discussed here. 



564 


W. F. liTJDER 


A solution of aluminum chloride in phosgene dissolves metals with the 
liberation of carbon monoxide. According to Lewis’ theory, the alumi- 
num chloride is an acid and accepts an electron-pair from the solvent. 
The resulting electrical stress favors the ionization which increases the 
concentration of solvent cation. The solvent cation oxidizes the metal, 
and carbon monoxide is produced: 

COC1+ + Ca CO + Cl“ + Ca++ 
or 

CO(AlCl 4 ) + Ca CO + CaCAlCU) 

This behavior is analogous to that of sulfur trioxide when dissolved in 
water. The sulfur trioxide accepts an electron-pair from the solvent, 
and the concentration of the solvent cation is greatly increased. The 
solvent cation oxidizes the metal, and hydrogen is produced. 

Similar reactions are observed in the other solvents listed above. Those 
in selenium oxychloride are particularly interesting since, as with phos- 
gene, no protons are involved. Although the reported value of its solvent 
conductance (66) seems to be too high, the ion concentrations in pure 
selenium oxychloride are likely to be relatively great. It would appear 
also that the solvent cation is a stronger oxidizing agent than hydrogen 
ion. Yet when an acid like stannic chloride is dissolved in selenium 
oxychloride (100), the result is as expected. The solution reacts more 
vigorously with metals than does the pure solvent, because of the increased 
concentration of solvent cation: 

SnCU + 2SeOCl* -)• (SeOCl)?, SnClT" 

Jander has not yet investigated this effect in sulfur dioxide. One 
would expect that the same behavior would be observed. Sulfur monoxide 
should be produced when metals react with acid solutions of sulfur dioxide. 
One method of preparing sulfur monoxide (96, 20) is by the action of 
sulfonyl chloride on metals. The effect of strong acids, such as sulfur 
trioxide and boron trichloride, should be to increase the rate of formation 
of sulfur monoxide. 

Corresponding reactions for bases, i.e., the action of the solvent anion 
as a reducing agent, are observed in liquid ammonia. Whereas in water 
fluorine is the only active non-metal which can oxidize hydroxyl ion, in 
ammcmia the other halogens can oxidize the amide ion. Iodine reacts 
with amide ion, just as fluorine reacts with hydroxyl ion (4, 25) : 

3Is + 6NHr -»• 61- + 4NH, + N* 

The reaction is more vigorous in a potassium amide solution than in 
ammonia alone. Other reactions with non-metals such as sulfur, in- 
volving an increased concentration of solvent anion, are more complex. 
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They are similar to those in water, since, like the hydroxyl ion, the 
ion does not readily lose electrons completely. 

When electrolysis reactions in various solvents are considered, the 
conditions that determine which ion is to be dischai^ed at either electrode 
are such that no conclusions can be drawn with regard to acid-base 
phenomena. For example, hydrogen is discharged at the cathode when 
an aqueous solution of an acid is electrolyzed, but hydrogen is also pro- 
duced when an aqueous solution of sodium sulfate or of sodium hydroxide 
is electrolyzed. The most that can be said for the results of electrol 3 /sis 
is that they are consistent with what has just been said concerning cations 
and anions characteristic of the solvent. Carbon monoxide is discharged 
at the cathode when a solution of aluminum chloride in phosgene is elec- 
trolyzed. Selenium dioxide and selenium monochloride are produced 
at the cathode upon electrolysis of a solution of stannic chloride in sdenium 
oxychloride. 

Interpretation of the work of Bagster and Cooling (2) according to the 
electronic theory of acids and bases would indicate that they unknowingly 
produced sulfur monoxide by electrolysis. Their interest in demonstrating 
the existence of the hydronium ion apparently caused them to overlook 
indications which mi^t have led to the discovery of sulfur monoxide. 
“'When water was added to liquid sulfur dioxide and gaseous hydrogen 
bromide was passed in, two liquid layers were formed. Electrolysis of 
the sulfur dioxide layer yielded hydrogen at the cathode and bromine 
at the anode. Water collected at the cathode in proportion to the amount 
of silver deposited in a coulometer, but the amount of hydrogen discharged 
was less than expected, if the only ion being discharged was the HsO*^ 
ion. This would indicate that SOCHaO)?^ ions were bmg discharged 
as wdl as hydronium ions. Bagster and CooUng were not able to account 
for the smaller amount of hydrogeii, but they did siphon off the sulfur 
dioxide layer from the water layer and try dectrolysos of the sulfur dioxide 
alone. The conductance feU rapidly and sulfur was deposited at the 
cathode, but no water. This would indicate that the (solvated) SO"*^ 
ion was being dischai^ed to form sulfur monomde. Sulfur monoxide 
decomposes readily to form sulfur and sulfur dioxide. 

Amphotsric reactions such as those of the hydrordd® of alu mi num 
and zinc also occur in other solvents. When potassium hydroxide is 
added to insoluble almninum hydroxide in water, the following reaction 
takes place: 

Al(OH)* + OH- Al(OH)r 

The AlCOH)!" ion is soluble. It is formed because the aluminum hydroxkie 
is acidic, in that the aluminum atom accepts an electron-pair to complete 
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its octet. An analogous reaction takes place in Hquid ammonia (3), 
when insoluble aluminum amide is dissolved by potassium amide. 

A1(NH*), + NET -> Al(NH*)r 

The zinc ion is also a fairly strong acid, and its insoluble compounds 
with solvent anions are often amphoteric. For example, in water, liquid 
ammonia (25), and glacial acetic acid (15) the following reactions occur: 

Zn(OH)i + 20H~ -* Zn(OH)7" (in water) 

Zn(NHs )2 + 2NBI7 —* Zn(NH 2 )r“ (in ammonia) 

Zn(C 2 Hs 02)2 + 2020807 -* Zn(C0iOi)T~ (in acetic acid) 

The complex anions formed are soluble in each case. Such reactions 
occur because zinc and aluminum ions are fairly strong acids, having 
considerable tendency to complete their octets. Thus the electronic 
theory of acids and bases provides a consistent explanation of all such 
phenomena. 

One other example of typical basic properties will be discussed briefly. 
Zinc, aluminum, and a few other metals are dissolved in water and in 
liquid ammonia (3) by bases as well as by acids. In both solvents hy- 
drogen is liberated and the same complex anions are formed as when 
the insoluble solvent anion compounds are dissolved by bases: 

Zn + 2K0H + 2 H 2 O K2Zn(OH)4 + H 2 

Zn -f- 2!ENH2 “H 2NHs — > IC2Zn(NH2)4 + H 2 

2A1 + 2K0H + 6 H 2 O 2KA1(0H)4 + 8H2 

2A1 + 2 KNH 2 + 6NH, ^ 2KA1(NH,)4 + 3H, 

Bergstrom (3) has suggested that the mechanism of the reaction between 
aluminum and potassium amide in liquid ammonia is as follows: 

A1 + 3 KNH 2 A1(NH2)8 + 3K 

The potassium ion is reduced, in spite of the fact that it has less affinity 
for electrons than the aluminum atom, because the insolubility of the 
aluminum amide drives the equilibrium to the ri^t. The aluminum 
amide then reacts with amide ion to form the complex Al(NH 2 )r ion, 
which still keeps the concentration of aluminum ion very low: 

AICNH 2 ), -f KNH 2 -»■ KA1(NH2)4 

The reaction between the free potassium and the solvent is one which 
is ordinarily slow, but it is catalyzed by the aluminum: 


6 K + 6 NH, -»• 3H, + 6 KNH 2 



BLECTEONIC THBOEY OB ACIDB AND BASES 567 

ScrgstroiD su^gssts th&t the mechftDisTn, of sinulfix re&ctions in wster is 
the ssme, End cites the f&ct th&t the hlue color observed when & m&gnesiuni 
rod is dipped into fused potassium hydroxide is an indication of the 
presence of free potassimn from the reaction 

Mg + 2KOH -»■ Mg(OH), + 2K 

Such reactions probably are not general enough to warrant calling them 
typical basic reactions. 

All the reactions so far discussed in this section have involved amphoteric 
solvents which, it is assumed, may ionize like water. Most of the reac- 
tions involve the same effect of acids and bases on the concentration of 
solvent cations or solvent anions that is observed in water. They are 
“typical” reactions only because they resemble those in water, with which 
we are more familiar. We should expect, therefore, that acid-base prop- 
erties in inert solvents such as benzene, or in nonramphoteric solvents 
such as pyridine, would not be “typical.” In such solvents there is no 
possibility of a “tsrpical” increase in solvent cations or anions upon the 
ackhtion of acids or bases. Ions are produced when acids and bases 
react with non-amphoteric solvents such as pyridine and ether, but the 
ions formed are not “characteristic” of the solvent. Little more needs 
to be said here than in section A of this part, except by way of indicating 
the possibilities of a wider application of Lewis’ theory. Only one ex- 
ample will be given. The conductance curves of silver salts in pyridine 
(86) and in amines (18, 19) are abnormal. A possible explanation lies in 
the fact that the silver ion is a fairly strong acid. A familiar indication of 
this is the formation of the Ag(NEU)t ion in water. The silver ion can 
accept two electron-pairs, each involving one molecule of a neutral base, 
such as ammonia, pyridine, or amines. 

As a rule no ions are produced when acids and bases are dissolved in 
inert solvents. The assumption of “protective coatings” (39) to explain 
the absence of a reaction between metals and a solution of h 3 rdr(^en 
chloride in benzene is uimeeessary. In water metals react more rapidly 
when an acid is present, because of the increased concentration of solvent 
cations. The metal reacts slowly with water even in the absence of the 
acid, but no such reaction takes place in benzene because there are no 
solvent cations with which the metal can react. The statement is some- 
times made that acids dissolved in inert solvents do not react with <«r- 
bonates. The reaction with carbonates is one which dora not necessarily 
depend on solvent cations. It depends on the strength of the acid required 
to displace the weaker carbon ^oxide from its compouiid. Lero im 
shown (^) that a strong acid like boron trichloride ■^31 displace 
dioxide from sodium carbonate in a mixture of carbon tetRuchhxcide and 
acetone. 
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The fact that acids are not usually ionized in inert solvents permits a 
better determination of their relative strength than is possible in water. 
In water perchloric, hydriodic, hydrobromic, hydrochloric, and nitric 
acids are all practically 100 per cent ionized, thus appearing to be of 
equal strength. They all have such a strong tendency to accept an elec- 
tron-pair that the reaction with water goes to completion. Because of 
this “leveling effect,” as Hantzsch called it, there cari be no stronger acid 
than hydrogen ion in water. Any acid much stronger than hydrogen ion 
will displace it completely. One way in which the strengths of such acids 
can be compared is by measuring them in some inert solvent. This has 
been done by Hantzsch (47, 48, 49), who found a great difference in the 
strengths of several strong hydrogen acids. Perchloric acid is the strong- 
est, followed in order by hydriodic, hydrobromic, hydrochloric, and 
nitric acids. 

We have seen that Walden’s fears that Lewis would deliberately elimi- 
nate the important part played by the solvent in acid-base properties were 
entirely groundless. Lewis’ acids and bases, dissolved in suitable ampho- 
teric solvents, have the “typical” properties of acids and bases. These 
“typical” properties are the properties with which we are familiar from our 
study of water chemistry. Now that we are begmning to branch out 
into other fields, we may expect to find increasingly that the electronic 
theory of acids and bases is the only one so far proposed which is at all 
adequate. 

in. FUBTHBB IMPLICATIONS OF THB BLXCTBONIC THBOBT OF ACIDS 

AND BA8SS 

A. The extent of acid-base ‘phenomena 

The measure of correlation to be effected by the electronic theory of 
acids and bases can be surmised by recalling t^t all the substances that 
Sidgwick (98) called electron-pair acceptors and donors are really acids 
and bases (78). There is no need for any other name for them. The list 
of bases compiled by Bronsted and his followers is identical as far as it 
goes with that of Lewis, but the cleancut recognition of the reason for 
their basicity is denied the followers of Bronsted by their devotion to the 
“cult of the proton”. “To restrict the group of acids to those substances 
which contain hydrogen interferes as seriously with the systematic imdei^ 
standing of chemistry as would the restriction of the term oxidizing agent 
to substances containing oxygen” (78). There is little doubt that the 
recognition of acids as electron-pair acceptors and bases as electron-pair 
donors will lead to as great a d^ee of systmiatization as did the recogni- 
tion of oxidizing agents as electron-acceptors and reducing %gents as 
electron-donors. Furthermore, the possibility of correlating the two types 
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of phenomena now appears for the first time. This will he attempted in 
section D of this part. 

Lewis has pointed out that there are only a small number of elements 
whose atoms can contribute basic properties to a molecule. These are 
principally the members of the nitrogen, oxygen, and fl.uorine families. 
The atoms of the “inert” gases can also act as bases (6, 93), by donatii^ 
one or more pairs of their outer octets to sufiSciently strong acids. On the 
other hand, all the elements except the rare gases and the heavier members 
of the alkali and alkaline-earth families can act as acids. Son^e of them 
are extremely weak, but even sodium ion has some tendency to accept an 
electron-pair. The atoms may manifest their acidic or basic tendencies 
in various ways, as atoms, ions, or molecules. For example, sulfur tri- 
oxide is a strong acid because in it the sulfur atom has a great tendency to 
accept an electron-pair to complete a stable octet (e.g., in becoming a 
sulfate ion), but the sulfide ion is a fairly strong base. Davy was not so 
far from the truth when he said that aci^ty does not depend upon a par- 
ticular element, but upon the arrangement of atoms (38). 

As a rule, consideration of the electronic structure will reveal whether a 
molecule is acidic or baac and often will give an idea as to its strength as 
an acid or base. It is found experimentally that these acids and bases, 
given sufficient difference in strength, combine “without impediment” 
(78). Lewis calls such acids and bases primary. No heat of activation 
is required for the neutralization of a primary acid and a primary base. 
On the other hand, certain substances which experimentally bdiave like 
acids, e.g., carbon dioxide and organic acid halides, have electronic formu- 
las which, as usually written, do not show the possibiUty of their acting 
as dectron-pair acceptors. Neutralization of these substances is always 
measurably slow (78, 79, 80). Such adds (and bases) are called secondary 
by Lewis. The neutralization of secondary acids and secondary bases 
requires heat of activation. Lewis suggests that these secondary acids 
and bases are not acids or bases in their normal states of lowest eneigy, 
as represented by the dectronic formulas usually written, but may become 
acids and bases through excitation. These substances act like adds and 
bases, — except that their neutralization is slow, — ^but their dectronic 
formulas do not indicate such bdiavior. Perhaps some of the difficulty 
lies in the formulas. This conclusion is supported by the work of Pauling 
(94). 

According to Pauling, resonance in the carbon dicbdde molecule occurs 
among five dectronic structures: 


:0;:C:;ii: :0::C:0:~ -:0:C::0: 


:0+:::C:0:- -:0:C;:;0: 
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The carbon atom in the second and third arrangements of electrons can 
accept an electron-pair to complete a stable octet. Consideration of 
resonance in the carbon dioxide molecule brings the -electronic formula 
into correspondence with the experimental behavior of carbon dioxide as 
a secondary acid. This is also true of the organic acid halides. 

It has been known for some time that the properties of the carbon- 
oxygen double bond often are not well represented by the usual formula. 
Lowry suggested in 1923 that, instead of representing the structure of the 

carbonyl group of aldehydes and ketones as in RjC::©:, the formula 
# • 

E 4 C+: 0 : “ should be used. Pauling shows that, in the resonanije between 
• * 

the two, the latter structure is almost as significant as the former. In the 
semi-ionic structure the carbon atom can accept an electron-pair, so that 
the possibility of acidic behavior is indicated. Compounds containing 
such double bonds should be amphoteric. In terms of the electronic 
theory, the familiar reactions of aldehydes confirm this conclusion. The 
organic acid halides exhibit more definite “typical” acid behavior in one 
respect, because they can react with water to increase the concentration 
of hydrogen ions. 

Another type of “secondary” behavior is evident when amphoteric 
molecules partially or wholly neutralize each other, or when molecules are 
neutralized by the solvent in which they are placed. For example, the 
acid A may be dissolved in the weak base B and be neutralized, in that the 
stable electron configuration of the acidic atom has been attained by 
acceptance of electron-pairs from the base. Yet if a stronger base is 
added, the stronger base will replace the weaker one in combination with 
the eicid: 

Bi -I- AB ->■ AB‘ -f A 

Such reactions usually require activation, but in many cases this is small 
enough to be ignored (78). 

Another extension of the idea of acids and bases involves acidic and 
basic radicals in organic compounds (78). For example, the familiar 
ortho-parardirecting groups for substitutions in the benzene ring are 
basic. They have electron-pairs which they can share with a neighboring 
atom. The meta-directing groups are acidic. They can share an electron- 
pair possessed by a neighboring atom. The action of the acid and basic 
radicals in directing substituents is explained in terms of resonance by 
Ingold (55) and Pauling (94). 

As has already been indicated, the treatment of amphoteric behavior is 
much more satisfactory on the basis of the electronic theory. Amphoter- 
ism is widespread. As Hantzsch has shown experimentally (49, 51), even 
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strong acids like nitric acid may be amphoteric. Hydrogen chloride is also 
amphoteric. It acts as a base toward many strong acids like stannic 
chloride, in forming such compounds as HiSnCle- This is readily ac- 
counted for, since one or more atoms in a molecule may be able to accept 
electron-pairs while others may donate them. The amphoteric behavior 
of many solvents has been explained by Sidgwick (98) on this basis. It 
accounts for the association which is typical of amphoteric solvents. 
Ether and pyridine are not associated, because they are not amphoteric. 
Obviously, a very large number of substances can act either as acids or as 
bases, depending on the conditions under which they react. 

These examples are only an indication of the widespread applicabihty 
of the electronic theory of acids and bases. 


B. Strengihs of adds and bases 

According to Lewis’ theory, the strength of an acid corresponds to its 
tendency to accept an dectron-pair from a base. The strength of a base 
corresponds to its tendency to donate an electron-pair to an acid. Strong 
acids and bases combine with each other to form stable compounds. 
Strong acids and bases may combine with weak ones to form fairly stable 
compounds, but weak acids and bases do not ordinarily form stable com- 
pounds. In general a strong acid, A^, will replace a weaker one from 
combination with a base: 

Ai + AB-^AiB-t-A 


A strong base, B^, will replace a weaker one from combination with an add: 

Bi + AB-fBiA-HB 


For example, stannic chloride dissolved in selenium oxychloride combines 
with the solvent. When a stronger base than sdenium oxychloride, sudi 
as pyridine, is added, the selenium oxychloride is replaced and a more 
stable compound is formed (100). 

This conception of replacement is often equivalent to the Brdnsted 
formulation, 

Ai -1- Bj — A* + Bi 


but is more exact. Furthermore, it does not require abandoning the 
concept of neutralization. Neutralization occurs when an add combines 
with a base, but a stronger add will replace the first one. This sequMtoe 
may be illustrated as follows: 

HOI + H^ -»H.O+ + 01- 

The formation of the codrdinate bond between tiie water mded^ and 
the hydrogen chloride, by means of the “hydit^en bond,” results m saich 
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great electrical stress that practically all of the molecules thus formed split 
into ions. Neutralization has occurred through the formation of the 
coordinate bond. The subsequent behavior is irrelevant. The “acidic” 
reaction of the solution toward litmus and some other indicators is only 
relative. The solution is merely acidic with respect to pure water. If a 
stronger base than water is added, the water will be displaced from its 
combination with the proton: 

NH, + HaO+ NHt + H *0 
Bi + AB ABi + B 

The ammonium ion is more stable than the hydronium ion. 

With proper precautions, such replacement reactions can often be used 
to measure acid or base strength, as we have already seen in section A of 
part II. An interesting example of this method is given by the work of 
Sisler and Audrieth on the action of liquid ammonia on sulfur trioxide 
addition compoimds (99). Although they did not think of it as such, their 
work seems to be an excellent illustration of the replacement of bases by 
a strouiger base. Sulfur trioxide is one of the strongest acids known. It 
forms compounds even with such weak bases as hydrogen chloride. Com- 
pounds of sulfur trioxide with the five bases pyridine, dimethylaniline, 
dioxane, sodium chloride, and hydrogen chlonde were added to liquid 
ammonia, a stronger base. The reactions were more rapid in the order 
given, those between ammonia and the sodium chloride-sulfur trioxide 
and the hydrogen chloride-sulfur trioxide addition compounds being 
extremely vigorous. 

A convenient way of using the replacement method may be to employ 
an indicator as one of the acids or bases (12, 32, 40, 42, 49, 50, 68, 71). 
Among methods of estimating acid or base strength are the determination 
of dissociation constants by other means, such as conductivity measure- 
ments (19, 70, 103, and others) and the measurement of catalytic activity 
(48, 49). By the latter metiiod BEantzsch showed that the order 
strength of some hydrogen acids in inert solvents is as follows: HCIO4 > 
HI > HBr > ESO2OH > HCl > HNO» > CCUCOOH. Kolthoff and 
Willman (70) have found the same order for perchloric, h 3 rdrobromic, 
hydrochloric, and nitric acids in glacial acetic acid by the conductance 
method. Another method which may offer promise in some cases involves 
electromotive force measurements (34, 96). It is interesting to note that 
the “anomalous” conductance curves cited by Btell and Werner (34) have 
since been accounted for by the work of Fuoss and Kraus (27, 28, 85). 

While in general it seems possible to arrange acids or bases in a sequence 
of strengths, the situation is far from clarified. Three of the principal 
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sources of confusion are the leveling effect, the existence of specific reac- 
tions such as those cited by Lewis (78, 81), and the effect of concentration. 
The leveling effect makes it impossible to differentiate between the 
strengths of acids such as perchloric and hydrochloric in dilute aqueous 
solution. Both are strong enough acids and water is strong enough as a 
base SO that the reactions go to completion in dilute solution. The more 
basic a solvent is, the greater will be its leveling effect upon acids. For 
example, in liquid ammonia acetic acid appears to be as strong as hydrogen 
chloride (96). Ammonia is a strong enough base so that the reaction to 
form ammonium and acetate ions is practically complete. On the other 
hand, when the solvent is weak enough as a base the differences begin to 
appear again. In acetic acid the difference between perchloric acid, 
hydrogen bromide, hydrogen chloride, and other acids becomes obvious 
(12, 70). The use of an inert solvent, when possible, may overcome the 
difficulty arising from the leveling effect. Tto may not be necessary if 
work in a particular solvent can be confined within certain linuts. The 
order in strength of many weak acids is the same in water as it is in inert 
solvents such as chlorobenzene (32). 

The only important criticism of Lewis’ theory has been made by Shaten- 
stdn (97). 'He maintains that Lewis’ emphasis upon specific reactions 
is inconsistent with his "phenomenological criterion” that an acid or base 
will replace a weaker acid or base from its compounds. If these excep- 
tions are as widespread as Lewis seems to indicate, this criticism appears 
to be a valid one, unless some consistent reason for their appearance as 
exceptions can be found. Perhaps in some instances the effect of concen- 
tration has not been properly considered. This seems to be true in one 
case cited by Lewis as an example of sperafic bdbavior. 

Lewis states (78) that many heavy-metal ions, like alver ion, are 
stronger acids toward ammonia than toward “water or hydroxyl ion.” 
He says that these ions have little tendency to combine with hydrojgrl 
ion, but a strong tendency to combine with ammonia. This is said to 
occur in spite of the fact that hydroxyl ion is a slightly stronger base 
toward hydrogen ion than is ammonia, as shown by the equilibrium con- 
stant of the reaction 

NH, -H HjO NHJ: + OH- 

Lewis develops the idea, using silver ion as an example, as showing how 
impossible it is to arrange acids in a single monotonic order. This case is 
one of the principal reasons given by him for believing that rdative 
strength depends upon both the solvent and the particular acid or base 
used for reference. 

The present author believes that Lewis is mistaken in this instance. 
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If this is true, it seems that such a mistake may arise from a failure to 
consider carefully enough the effect of concentration on the equilibria 
involved. Orildizing and reducing agents are arranged in a series accord- 
ing to their strength at a given concentration. Looking at the electro- 
chemical series, we say that potassimn is a stronger reducing agent than 
aluminum. Yet in liquid ammonia aluminum may reduce potassium ions. 
In the equilibrium 

A1 -1- 3KNHi ^ A1(NH2)« + 3K 

the reaction is practically complete to the right, because the aluminum 
amide is insoluble so that the concentration of aluminum ions is kept low. 
Such apparent exceptions to the electrochemical series are fairly common, 
and many other examples could be given, such as the reaction between 
silver and hydriodic acid and the reversal of a Daniell cell. If the effect 
of concentration were not understood, the electrochemical series would 
have been discarded long ago. The situation seems to be similar with 
r^ard to acids and bases. 

When the effect of concentration is carefully considered, it would appear 
that the behavior of the heavy-metal ions toward hydroxyl ion and am- 
monia does not support Lewis’ contention that it is impossible to arrange 
acids and bases in a single monotonic order. In the first place, Lewis fails 
to distinguish between the basic strength of water and the hydroxyl ion 
(78, page 299). He says that in aqueous solution, e.g., in a solution of 
silver nitrate, the heavy-metal ions which combine with ammonia have 
little tendency to combine with hydroxyl ions. It is true that some of 
these ions do not displace hydrogen ions from water by combining with 
hydroxyl ions to any great extent. This merely indicates that they are 
not strong acids compared to hydrogen ion. A careful distinction must 
be made between the reaction of these ions with water and their reaction 
with hydroxyl ion. Both hydroxyl ion and ammonia are much stronger 
bases than water. ' No comparison between ammonia and hjrdroxyl ion 
can be attempted unless the concentrations of each are comparable. When 
this is the ease, we find that the tendency of the heavy-metal ions to com- 
bine with hydroxyl ion is comparable \rith their tendency to combine with 
ammonia. For example, cupric ions form a precipitate with hydroxyl 
ions. The principal fifference lies in the fact that one base is charged 
and the other is not. The negative chaise on the hydroxyl ion usually 
prevents the cation from coordinating as many hydroxyl ions as it does 
ammonia molecules. 

Familiarity with the action of ammonia solution in first precipitating 
the hydroxides of these heavy-metal ions and then dissolvii^ them upon 
further addition of ammonia is likely to lead one astray, unless the effects 
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of variation in the concentrations of the various ions and molecules are 
all taken into account. When this is done, it is found that the metal ions 
which combine with ammonia are not stronger acids toward ammonia 
than toward hydroxyl ion. For example, when an ammonia solution is 
added to a solution of silver nitrate a drop at a time, a brown precipitate 
forms. This precipitate is probably silver hydroxide, which when ddiy- 
drated becomes black silver oxide. Whether its formula is AgOH or 
not, its precipitation is due to the presence of hydroxyl ion in Rtnah con- 
centration, produced by the reaction 

NHs -H HjO NHt + OH- 

The equilibrium is such that in ordinary use the concentration of ArnTtinnia. 
is much higher than the concentration of hydroxyl ion. The formation of 
the precipitate with the initial addition of ammonia solution shows that 
hydroxyl ion is a stronger base than ammonia toward silver ion, just asitis 
toward hydrogen ion. When more ammonia solution is added, the mix- 
ture is much more concentrated in ammonia with respect to hydroxyl 
ion, and the precipitate dissolves to form the silver ammonia complex. 
This reaction takes place, despite the fact that the hydroxyl ion is a 
slightly stronger base than ammonia, because the concentration of am- 
monia has been so greatly increased. It is comparable to the reversal of a 
Daniell cell or to the reaction between silver and hydriodic acid, which 
takes place even though silver is below hydrogen in the electroch^cal 
series. 

If only a few drops of ammonia solution have been added in excess, 
addition of a few drops of sodium hydroxide solution brings the precipitate 
of silver hydroxide back. Even after a large amount of ammonia has 
been added, the precipitate can be brought back if the proportion d 
hydroxyl ion to ammonia is made high enough by dissolving sc^d sodium 
hydroxide in the solution. When the concentration of hydroxyl ion is 
maintained by an excess of solid sodium hydroxide, the rilver hydroxhle 
precipitate does not dissolve at all. When concentrated ammonia sohrtioat 
is added, vigorous bubbling occurs as the solution is shaken, owing to the 
escape of some of the ammonia because of the hi^ hydroxyl4on concen- 
tration, and the precipitate turns black; but it does not dissolve so long as 
the hydroxyl-ion concentration is maintained by an excess d solid sodhim 
hydroxide. After enough water is added to dissolve the sodium hydzoxufe, 
the black precipitate redissolves when sufficient ammonia solution is 
added to maice the ammonia concentration large compared to the hy- 
droxyl-ion concentration. Thus it would seem that the behavior d the 
heavy-metal ions towards hydroxyl ion and amnmnia d«^ net sapjMwt the 
conclusion that acids and bases cannot be artai^gM in * end® of 
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strength. When the effect of changing concentration upon such reactions 
is considered, encouragement is given the feeling that an order of acidic 
and basic strength which will be at least as reliable as the electrochemical 
series may be worked out. 

The problem seems at present more difficult for acids and bases than 
for oxidizing and reducing agents. Lewis gives other examples of specific 
reactions. His examples involving chelation are especially interesting 
(78, 81). For example, ammonia is a weaker base than triethylamine, 
yet it behaves as a much stronger one toward m-dinitrobenzene. Double 
chelation is the explanation advanced by Lewis and Seaborg (81) : 



Formula I represents one of the resonating structures of m-dinitrobenzene* 
Formula II represents the compound formed upon the addition of am- 
monia. Lewis’ papers may be consulted for other examples of such 
effects due to chelation. It also seems to be true that the relative strengths 
of two bases, one neutral and one charged, e.g., acetate ion and aniline, 
are affected by changes in solvent, whereas the relative strengths of two 
bases of the same electrical type are not (42). Another complicating 
factor for solutions of acids and bases is the influence of the dielectric 
constant of the solvent. In a solvent of hi^ dielectric constant, dissocia- 
tion may take place, whereas the same substance in a solvent such as ben- 
zene may be hi^y associated. The degree of dissociation depends upon 
the difference in strength between the acid or base and the solvent as well 
as upon the dielectric constant. Perhaps for the time being the problem 
should be simplified by accepting certain restrictions, such as limiting 
comparisons to the same charge type. 

With these limitations and by proper precautions as to the leveling 
effect it would seem possible to work out a series of acid and base strengths 
which would be as useful as the electrochemical series. However, the 
experimental evidence is not yet complete enough to permit reaching a 
definite decision at the present time. Perhaps there is no decision to be 
made. There seems to be little real difference between saying that it is 
impossible to arrange acids and bases in an exact order because of certain 
specific reactions, but that in general it can be done for practical purposes, 
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and saying that it is possible if we understand the reason for certain 
exceptions. 


One property of acids and bases which has not yet been considered is 
thdx catalsrtic action. Hantzsch (43 to 51) was one of the first to show 
that acid catalysis does not necessarily depend upon hydrogen-ion concen- 
tration, even for hydrogen acids. The Brdnsted theory has dealt with a 
limited phase of acid-base catalysis in terms of mathematics which gives 
little understanding of the mechanism (8, 82). When we consider the 
effect of strong acids like the boron and aluminum chlorides on organic 
syntheses, we realize what a large amount of work remains to be done. 
Only a few examples of acidic and basic catalysis will be given to show how 
the mechanism may be better understood by means of the electronic theory. 

Benzene can be alkylated by esters in the presence of aluminum chloride 
or boron trifluoride (89). Alcohols are supposed to react with benzene by 
dehydration and condensation of the olefin into the benzene nucleus. 
Esters appear to react in a similar manner: 


H 


. — d) — O— C sHt 


+ BF, 


H-O-O-CsHt H-0-b:BF,+ 
F— B-F 


H- 


H H H 

.-m-1 


-H 




The olefin then reacts with the benzene. 

Another mrample is the formation of toluene from benzene and methyl 
chloride. One su^ested mechanism (17) is as follows; 
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Reaction A is replacement of the hydrogen by a stronger acid. Reaction 
B is the combination of a strong acid with a weak base. The resulting 
electrical stresses lead to instability, and the rearrangements to give 
toluene follow. The results of Wohl and Wertyporoch (108) indicate that 
ionization takes place dtiring the reaction. 

An interesting example of basic catalysis is given by W. Hhckel (53). 
The reaction between alcohols and benzoyl chloride is much more rapid 
in pyridine, and conductance measurements indicate ionization. Appar- 
ently the reaction between benzoyl chloride (a secondary acid) and pyri- 
dine results in ionization, as follows: 

:0 

<3:i5:a: + 




:C:6— R 
/N^H 


:b 

<( ^:C:0— R + < ( ) r:H+ 

Such examples show that the electronic theory of acids and bases can 
be of great aid in a systematic interpretation of a wide area of catalytic 
action. 

D. BdatumsMp of add-iaoe phmomena to oxidaUon-rediiction 

The ei^erimental relationship between acids and oxidizing agents and 
bases and reducu^ agents is close. As has been shown in section C of 
part n, the “typical” acid effect on metals is due to the oxidizing action of 
the solvent cation. Usanovich (101) attempted to explain the relationship 
by mchiding oxidation as a special case of acid behavior. Ingold (54, 55) 
has classified various reactions as electrophilic and nucleophilic. He was 
on the verge of discovery, but too close adherence to lie “cult of the 
proton” restrained him. The electronic theory of acids and bases permits 
a clear-cut solution of the problem. The lo^cal excellence of the theory 
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is perhaps nowhere more strikingly demonstrated than in the greater degree 
of correlation in all fields of chemistry made possible by an understanding 
of the relationship between acids and bases and oxicfizing and reducing 
agents. So far as the author is aware, the presentation of this relationship 
is given here for the first time. 

It is an experimental fact that a given substance may under properly 
chosen conditions act as an acid, a base, an oxidizing agent, or a reducing 
agent. For example, water acts as an acid toward ammonia, as a base 
toward hydrogen chloride, as an oxidizing agent toward active metals, 
and as a reducing agent toward fluorine. Thus a considerable d^ree of 
relativity is indicated. This should lead to no difficulty if the terms are 
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Electrophilic and eleetrodomie reagents 
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used as referring to the experimental behavior of a substance as it acts in 
the particular reaction under conrideration. 

Ingold (55) called reagents such as chlorine and hydronium imi, which 
have an attraction for elections, elet^rophiUc. Those reagents which, 
like ammonia and sodium, have a tendency to give up dectrons were 
called nvcleopMlic. “Electrophilic” seems to be a good woErd to ret^, 
since it graphically describes the theoretical action of tte reagents to 
which it applies. But it is difficult to picture sodium or other sftnnig 
reducing agents as actually nucleophilic. A term which indicates ffie 
tendency to lose or pve up electrons would be m^, appippriate. 
trodomic (Gr. didomi, to pve) is euphonious ^d cpriefi^^^. %^iefii^y 
to dectrophffic. . 

Both acids and oxidizing agents are eleotrcmnoe^tpis. An add no-. 
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cepts a share in an electron-pair held by a base, while an oxidizing agent 
takes over completely the electrons donated by a reducing agent. Both 
bases and reducing agents are electron-donors. A base donates a share 
in an electron-pair to an acid, while a reducing agent loses electrons com- 
pletely to an oxidizing agent. Some electrophilic reagents such as HjO"*" 
may act either as acids or as oxidizing agents depending upon the condi- 
tions. Others, like boron trifluoride, never act directly as oxidizing agents, 
while some, like permanganate ion, never act as acids. Some electrodomic 
reagents, such as sulflde ion, may act either as bases or as reducing agents. 
Others, such as sodium, never act as bases. Table 3 will help to clarify 
the various relationships. The reagents are not arranged in the order of 
their tendency to gain or lose electrons but only so that extremes of be- 
havior will be obvious. Roughly, the order of acid or base strength 
increases downward in the two colmnns of reagents. 

Acids and oxidizing agents are electrophilic. Electrophilic reagents 
may accept electrons from electrodomic reagents. Bases and reducing 
agents are electrodomic. If the reaction between electrophilic and electro- 
domic reagents involves the complete transfer of electrons, it is oxidation- 
reduction. If the reaction involves the sharing of electrons which the 
electrodomic reagent donates to the electrophilic reagent, it is the reaction 
between an acid and a base, i.e., neutralization. 

Thus we see that the electronic, theory of acids and bases leads to an 
even greater degree of systematization in chemistry than Lewis proposed. 

IV. CONCLUSION 

The electronic theory of acids and bases provides a more logical and 
more fundamental interpretation than any other. No portion of the 
experimental facts is ignored by it. It is founded upon experimental 
behavior, with no preconceived notion as to the dependence of acidity on 
the presence of a particular element. It provides a general definition 
which attributes the distinctive properties of acids and bases to the mole- 
cules themsdves, independently of the solvent. It explains these proper- 
ties in terms of a simple inherent difference in electronic structure. The 
other two modem theories are merely limited aspects of the electronic 
theory of acids and bases. 

Brdnsted’s proton-acceptors accept protons because, like the ammonia 
molecule, they have a pair of electrons which can be used in forming a 
codrdinate bond with a proton or with any other acid. Experimentally 
there is no more justification for calling hydrogen chloride an acid than 
there is for calling sulfur trioxide and aluminum chloride acids. 

The solvent system theory is simply a description of the manner in 
which acids and bases behave in amphoteric solvents. Any acid accepting 
an electron-pair from an amphoteric solvent causes an increased con- 
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csntraptlon of solvent cations. Any base donating an electron-pair to an 
amphoteric solvent causes an increased concentration of solvent 
Sodium hydroxide in water and sodium amide in liquid annnnnia. are 
typical bases, because the concentrations of the solvent anions are in- 
creased by direct addition of the ions themselves. 

The “typical” properties of acids and bases are largely due to this 
effect of acids and bases upon amphoteric solvents. These properties axe 
considered typical because we have so long confined our attention to the 
properties of acids and bases in water, but even th^e typical prop^es 
are better understood in terms of the new theory. 

The electronic theory offers great possibilities in the further study of 
catalysis. It also resolves the difficulty as to the significance of neutrali- 
zation. One contemporary school of thou^t holds that neutralization is 
inseparable from salt formation; the other school maintmns that there is 
no such thing as neutralization, but that an acid and base alwa3rs react to 
form a new acid and base. The new theory reconciles the two extrmnes. 
Neutralization u the acceptance by an acid of an electron-pair from a base 
to f<am a cednWiite bond between them. However, the possibility of the 
replacement of an acid or base by a stronger acid or base still remains. 

Acids and bases are identical with Sidgwick’s acceptors and donors of 
electron-pairs. Such an extension of our ideas of acids and bases should 
lead to at least as gr^t correlation as did the similar extension ideas 
of oxidizing and reducing ^ents. Furthermore, the new concepts result 
in an even greater degree of systematization by permitting a clear undav 
standing of the relationship between acids, bases, oxidizing agents, and 
reducing agents. Acidity and osddizing power are merely differmit 
manifestations of the electrophilic tendency of atoms, molecules, smd 
ions. Basicity and reducing power are correspondii^y diff^ont mani- 
festations of the electiodomic tendency of atoms, molecules, ami bns. 
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